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ARSTItACT 


One  of  the  limiting  factors  in  tlie  transmission  of  the  increasingly 
large  amounts  of  microwave  power  available  is  voltage  breakdown  of  the 
atmosphere.  Almost  all  of  the  published  work  dealing  with  voltage  break¬ 
down  at  microwave  frequencies  has  been  concei'ned  with  breakdown  in  the 
presence  of  surfaces  to  which  particles  can  diffuse.  This  report  de¬ 
scribes  recent  laboratory  experiments  which  liave  been  performed  using 
focused  microwaves  to  effect  a  discharge  in  the  absence  of  proximate 
surfaces.  The  experiments  have  lieen  concerned  with:  (1)  the  determi¬ 

nation  of  the  power  level  at  which  the  breakdown  occurs;  (2)  the  ability 
of  the  atmosphere  to  act  as  a  medium  for  the  transmission  of  power  after 
breakdown  has  occurred;  and  (3)  the  properties  of  the  plasma  formed 
when  breakdown  occurs. 

The  report  presents  data  on  minimum  power  required  for  breakdown 
under  these  conditions,  demonstrating  agreement  with  theoretical  analysis 
based  on  models  of  varying  complexity.  An  experiment  is  then  described 
which  shows  that  power  per  unit  of  input  power,  received  beyond  the  dis¬ 
charge  plasma  hy  a  test  antenna,  decreases  as  power  is  increased  after 
breakdown.  Measurements  with  positive  ion  probes  are  described,  showing 
that  this  type  of  discliarge  induces  lower  maximum  ionization  densities 
than  those  in  a  section  of  waveguide  where  the  HK  is  constrained  to 
propagate  directly  through  the  plasma.  Kinally,  a  microwave  technique 
is  described  for  determining  th"  ionization  rate  of  various  gases;  the 
results  given  for  such  measurements  are  shown  to  compare  favorably  with 
other  techniques  for  tliis  determination. 
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I  INIHODUCTIOM 


As  advances  in  microwave  tube  technology  make  increasing  amounts  of 
microwave  power  available,  the  concept  of  transmitting  this  power  through 
the  earth's  atmosphere  has  received  an  increasing  amount  of  attention. 

One  of  the  limiting  factors  in  the  transmission  of  huge  amounts  of  power 
will  be  voltage  breakdown  of  the  atmosphere.  Almost  all  of  the  published 
work  dealing  with  voltage  breakdown  at  microwave  frequencies  has  been 
concerned  with  breakdown  in  the  presence  of  surfaces  to  which  particles 
can  diffuse — in  cavity  experiments  the  cavity  walls  and  in  antenna  ex¬ 
periments  the  metal  conductors  of  the  antenna.  In  this  report  we  shall 
consider  the  case  of  breakdown  in  the  absence  o f  s ur fac es  —  i.e.,  in  free 
space.  For  certain  circumstances  this  type  of  breakdown  will  be  easier 
to  analyze  than  breakdown  in  a  cavity  since  the  effect  of  diffusion  may 
be  neglected. 

We  shall  be  concerned  with  three  aspects  of  the  problem:  the 
determination  of  the  power  level  at  which  breakdown  occurs;  the  ability 
of  the  atmosphere  to  act  as  a  medium  for  the  transmission  of  power  after 
breakdown  has  occurred;  and  the  properties  of  the  plasma  formed  when 
breakdown  occurs.  In  Sections  II  and  III,  the  theory  for  microwave 
breakdown  at  high  altitudes  is  presented  and  measured  results  in  the 
laboratory  are  compared  with  the  theoretical  values.  Sections  IV  and 
V  deal  with  measurements  of  the  power  transmitted  after  breakdown  has 
occurred  for  two  laboratory  cases:  in  a  rectangular  waveguide,  and  at 

the  focal  point  of  a  parabolic  antenna.  The  determination  of  the  plasma 
properties  (elfctroi  density  and  temperature)  when  breakdown  has  occurred 
IS  also  described. 

Section  VI  describes  a  technique  for  measuring  the  ionization  rate 
of  various  gases  which  evolved  out  of  the  measurements  of  the  breakdown 
level.  A  comparison  is  made  between  values  measured  by  this  technique 
and  by  other  techniques  which  shows  that  good  results  can  be  obtained  by 
the  new  technique.  The  work  is  summarized  and  conclusions  are  drawn  in 
Sec  t i on  VII. 
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II  TilEOIJY  OF  MIC110WA.VE  VOLTAGE  BREAKDOWN 
ATHIGi;  ALTITUDES 


A.  GEN ERA I 


In  this  section  we  sliall  review  tlie  breakriown  theory  that  has  been 
developed  to  explain  the  breakdown  levels  In  microwave  transmission  line 
components  and  antennas  and  extend  it  to  the  case  of  interest:  breakdown 
in  the  absence  of  surfaces.  We  shall  consider  both  CW  and  pulse  breakdown. 

First  we  consider  the  case  of  uniform  electric  fields  and  planar 
geometry.  This  case  is  relatively  easy  to  analyze  and  a  good  under¬ 
standing  of  the  role  of  the  different  physical  j'rocesses  may  be  obtained 
from  such  an  analysis.  l.ater  in  the  chapter  we  shall  consider  non-uniform 
field  and  cylindrical  geometry. 


R.  CW  RREAKnnWN  OF  PARAl.i ,EI,- Pl.ATE  SY.STEM.S 

The  source  of  primary  ionization  in  microwave  discharges  is  electron 
motion,  and  breakdown  occurs  when  the.  gain  in  electron  density  becomes 
equal  to  the  loss  of  electrons  by  diffusion  and  attachment.  This 
relationship  is  expressed  by: 


-  =  V  .n  -  g  n  +  V^(f)n) 

3t 


(1) 


whe  re 


n  i  s 

V  .  is 

t 

V  1  s 

a 

/'  is 


the  electron  density 
the  ionization  rate 
the  attachment  rale 
the  diffusion  coefficient 


lor  CW  breakdown,  tbo  rate  of  cliange  of  electron  density  with  time, 

must  he  slightly  greater  than  zero.  Inder  these  conditions  the 
electron  density  will  increase  with  time  until  the  electric  field  in  the 
plasma  is  reduced  far  enough  that  becomes  zero,  or  tile  recombination 
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losses  liec:otne  s  i  ;'i!  i  1’ i  e  ii  ii  I  .  In  Kf|  .  (1  )  I' .n  is  t.  lie  iiiiinlier  of  i  on  i  z  ii  t,  i  on  s 

)iro(iuce<)  per  secoml,  unit  is  ;  lit-  iniiiilier  of  eleetrons  lost  liy  attnch- 

nient  per  .secoinl  Tlie  loss  of  e  1  pc  I.  r  on  s  ppi'  second  due  to  diffusion  to 
the  plates  is  I'iven  hy  (In)  .  This  eqiinlioii  ni:i  y  he  written  in  integral 
form  MS 


In 


■T 

V2(*n)' 

\"o/ 

0 

L  '  n  1 

dt 


(2) 


where  n^  is  the  ambient  electron  density  before  the  electric  field  is 
applied . 

Brown*  has  solved  for  the  electron  density  distribution  for  this 
case  and  shown  that  it  is  of  the  form  sin  (vx/d),  where  *  is  distance 
measured  from  one  plate.  For  a  uniform  field  distribution,  /)  is  a  con¬ 
stant,  and  may  be  written  as  DV^n.  Since  n  is  of  the  form 

sin  (ttx/c/), 

V2(f)n)  =  Dn  .  (3) 

Substituting  this  expression  into  F,q .  (2)  and  integrating,  we  obtain 


where  <V  is  the  average  net  value  of  .  ~  v  over  the  time  T. 

n  ®  t  ' i  0 

Normalizing  with  respect  to  pressure,  F.q .  (4)  becomes 


In 


Dpv^ 

-  +  — - 


(pd)‘ 


(5) 


For  r.W  breakdown  T  can  be  made  indefinitely  large,  so  that  the 
breakdown  is  defined  by  setting  the  left  side  of  Fq .  (5)  equal  to  zero'. 


0  = 


<v  >  Ppn^ 

net  ' 


References  are  listed  nt  the  end  of  the  report. 


(6) 
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Gould  anil  nob'rts*  sliow  (luit,  <i'  ^/P  is  n  fuiiction  oiilv  of  h  /p 

net  '  ^ 

iiiid  pK,  wliilo  MarDoiiri  1  (I  ^  lias  siiown  lliaL  Dp  is  a  function  p.  Tliere- 
lore,  tile  value  of  V.^/p  tefiiiir'-d  for  breakdown  is  a  function  of  pd  and 
Equation  (lb)  bas  been  solved  an<I  the  results  of  Gould  and  Roberts 
are  plotted  in  Ei't.  1  for  the  C\V  case.  These  curves  have  been  verified 
by  a  number  of  mea.surements .  incl’adiii^  tho.se  of  Merlin  and  Brown^  at 
dOOO  Me  and  those  of  Rim^  at  200  Me. 
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FIG.  1  SOLUTION  FOR  PARALLEL  PLATE  CW  BREAKDOWN 


The  fact  that  the  curve  flattens  out  for  pd  greater  than  about 
25  mm  Mg-cm  indicates  that  for  these  values  of  pd  electron  loss  by 
diffusion  to  the  walls  is  negligible  and  ttie.  predominant  ]  os  is  by 
attachment.  That  is,  the  walls  no  longer  play  a  part  in  removing 
electrons,  so  that  any  value  o^"  pd  requires  the  same  value  of  E^/p  for 
breakdown.  The  equation  for  breakdown  under  this  condition  is  then 


P 

and  the  value  of  E^/p  for  breakdown  is  a  [ipr  ox  i  ma  te  1  y  30. 
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For  values  o  •'  jjil  lexs  2j  ti  iii  llj.'-oni,  i- !  ec  L  rotis  are  lost  Lo  the 

plates  by  il  i  f  f'us- i  on  ,  a  iirl  lii'iier  values  oT  F  ^ ,  p  are  required  to  make  up 
for  the  increased  loss. 

Since  tlie  value  of  F'^/p  for  a  piven  pd  varies  only  slightly  over  the 
range  of  0  £  pK  ^  5000,  where  \  i.s  the  wavelength  in  cm,  a  normalized 
curve  of  E^/p  as  a  function  of  pd  has  been  plotted  in  which  the  parameter 
pk  has  been  eliminated  by  plotting  otily  the  values  of  E^/p  for  p\  =  0. 

This  curve,  shown  in  Fig.  2,  with  the  aid  of  the  correction  shown  in 
Fig.  3,  contains  all  the  information  necessary  to  determine  the  value  of 
E^/p  for  any  pK  and  pd.  The  relation  between  the  value  of  E^/p  at  a  given 
pA.  and  for  pk  =  0  is 


where  A  is  given  in  Fig.  3  and  shall  be  called  (E^/p)^. 
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FIG  4  HANDBOOK  ON  BREAKDOWN  OF  AIR 
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FIG.  2  NORMALIZED  SOLUTION  FOR  PARALLEL  PLATE  CW  BREAKDOWN 
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FIG.  3  NORMALIZATION  FACTOR,  A,  AS  A  FUNCTION  OF  pX. 


.M.so  shown  in  Fig.  2  are  the  results  of  a  serie.s  of  measurements  by 
Herlin  anri  Brown^  at  a  wavelength  of  9.6  cm.  Their  data,  which  were 
presented  as  curves  of  f  as  a  function  of  p  for  three  different  values  of 
d,  has  been  converted  into  the  notation  of  E^/p,  pk,  and  pd .  These  data 
extend  the  data  of  Gould  and  Roberts  two  orders  of  magnitude. 

C.  Plll-SFD  BBEAKnOWN  OF  PAP  AM. FT- PLATE  SYSTEMS 
1.  SiNGi.F,  Pulse 

For  breakdown  to  occur  within  a  single  piilse  width,  T,  it  is  necessary 
for  the  electron  density  to  htiild  up  to  some  breakdown  value,  n  ,  in  a 
finite  time.  Referring  to  Eq .  (S),  the  left-hand  side  of  the  equation  is 

no  longer  zero  but  some  finite  valtie.  Gould  and  Roberts^  have  solved 
Eq .  (5)  and  obtained  a  soltition  in  the  form  of 

E  ^ 

-  =  f[pd,  pr ,  pX.] 

P 
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Onco  af^ain  tlioro  is  a  !o«^ion  ovor  whicli  tho  ciirvo  flattp.ns  out.  As 
pT  is  increased  for  a  given  /^i/,  tlie  breakdown  approaches  the  character  of 
a  C'A  breakdown.  When  there  i  .s  no  lonpei-  any  decrease  of  with  in¬ 
creasing  pT ,  the  breakdown  is  j^rerisely  tl»e  saine  as  in  tlie  case.  The 

«liorter  t.lie  value  of  T,  the  more  rapidly  must  the  electron  density  build 
up  to  reacli  n^.  This  can  be  done  if  the  ionization  rate  (and  hence  E^/p) 
IS  increased  while  the  attachment  and  diffusion  losses  remain  the  same  or 
become  smaller.  The  attachment  loss  is  constant  as  a  function  of  T,  but 
the  diffusion  loss  decreases  as  T  decreases,  since  there  is  less  time  for 
the  electrons  to  diffuse  to  the  walls.  However,  in  general  the  decrease 
in  diffii  sion  loss  is  more  titan  oTfset  by  the  reduceil  time  available  for  the 
electron  density  to  reach  n  .  Thus  as  pT  decreases,  for  a  given  pd , 

E ^/p  increases. 
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FIG.  4  SOLUTION  FOR  PARALLEL  PLATE  PULSED  POWER  BREAKDOWN 


Ill  iiddit  lull,  .liinr  a)  Iowit  v.iliifs  of  pT  tlip  diffusion  loss  becomes 
less  important  I  lian  the  a  1. 1  ac,  lime  iit  loss,  I  be  curves  for  different  values 
of  pil  tend  to  mer«e  as  nr  decreases.  That  is,  tlie  spacing  between  tlie 
plates  no  longer  i  .s  important  when  the  breakdown  process  is  attachment- 
con  trolled. 

2.  MtHTlPLE  PlItSF. 

If  the  pulse  repetition  frequency  (PRF)  is  sufficiently  high,  break¬ 
down  may  occur  at  lower  values  of  R^/p  than  for  single  pulse  breakdown. 

This  may  be  explained  as  follows; 

Consider  a  pulse  of  amplitude  slightly  below  the  value  necessary  to 
produce  a  single  pulse  breakdown.  Even  though  breakdown  does  not  occur, 
a  significant  electron  density  is  produced  while  the  pulse  is  on.  When 
the  pulse  is  off,  the  electron  density  decreases  due  to  recombination, 
diffusion  and  attachment.  However,  these  processes  require  a  finite  time. 
Therefore,  when  the  next  pulse  occurs,  the  initial  electron  density,  , 

for  this  pulse  will  be  greater  than  for  the  first  pulse,  so  that  the 
electron  density  at  the  end  of  the  second  pulse  will  be  greater  than  at 
the  end  of  the  first  pulse.  After  a  sufficient  number  of  such  pulses, 
breakdown  will  occur.  The  shorter  the  time  between  pulses  (higher  PRF) 
the  larger  will  be  the  residual  electron  density  from  the  previous  pulse, 
and  therefore  a  lower  value  of  f-^/p  will  be  required  for  breakdown. 

Measurements  of  this  phenomenon  have  been  made  by  Gould  and  Roberts^ 
and  by  Allen  and  Keenan.^  The  results  of  Gould  and  Roberts  are  shown  in 
Fig.  5.  As  can  be  seen  from  the  figure,  over  the  usual  range  of  pulse 
repetition  frequencies  used  in  radars,  the  variation  of  E^/p  with  PRF  is 
a  relatively  small  factor.  Over  the  entire  range  of  parameters  described 
by  Allen  and  Keenan  the  value  of  E^/p  varies  by  only  a  factor  of  two  at 
the  most. 

One  further  point  illustrated  by  the  measured  results  if  that  the  PRF 
at  which  E^/p  begins  to  depart  from  the  single  pulse  values,  increases 
with  increasing  pressure.  That  is,  the  time  between  pulses  must  decrease 
as  the  pressure  increases  in  order  for  there  to  be  a  significant  increase 
in  electron  density  from  pulse  to  pulse.  This  is  reasonable  when  it  is 
realized  that  the  recombination  rates  increase  as  the  pressure  increases. 
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FIG.  5  RESULTS  OF  THE  EFFECT  OF  PRF  ON  BREAKDOWN 


n.  UN  T  FORM  FTF.ID  RUFAKDOWN  TN  THE  ABSENCE  OF  SURFACES 

The  previous  theory  can  easily  he  extended  to  the  case  where  no 
surfaces  are  present  to  which  electrons  can  diffuse.  In  fact,  this  is 
but  a  special  case  of  the  previous  theory  —  i.e.  ,  the  case  for  (f  = 

Tims,  for  CW  breakdown  the  value  of  E^/p  required  for  breakdown  will  be 
approximately  eqtial  to  30  at  all  pressures.  For  pulse  breakdown  the 
value  of  will  depend  upon  pT  in  the  manner  described  by  the  curve  in 

Fig.  4  labelled  pd  =  40  to 

For  both  CW  and  pulse  breakdown,  we  see  that  the  effect  of  removing 
surfaces  from  the  breakdown  region  is  to  decrease  the  breakdown  field 
strength.  This  is  to  be  expected  since  we  have  eliminated  diffusion  losses. 
Since  scaling  laws  have  been  worked  out  and  verified  for  the  breakdown 
theory  we,  are  considering,  it  should  be  possible  to  calculate  the  breakdown 
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power  (iensity  required  for  l)reakdown  as  a  function  of  altitude  for 
different  microwave  frequencies  iisin;^  1  lie  values  indicated  in  I  lie  previous 
paraprapli.  In  I’art  F  we  sliall  present  a  theory  for  non-uniform  electric 
field  strength;  for  the  present,,  if  the  field  strength  is  iinifortn  over  a 
distance  large  compared  with  the  distance  an  electron  could  diffuse  in  the 
time,  it  takes  to  produce  breakdown,  the  values  indicated  in  tliis  part 
should  give  quite  accurate  results. 

E.  NON-UNIFORM  FTEl,n  BREAKOOWN  IN  THE  ABSENCE  OF  SERFAGES 

We  shall  now  consider  the  breakdow'n  from  a  field  distribution  in 
space  whicli  approximates  the  distribution  produced  by  a  circular  aperture 
in  the  vicinity  of  the  range  at  which  it  is  focussed.  This  field  will  be 
relatively  constant  in  the  axial  direction  and  will  vary  radially  as 
sin  (mr)/(mr).  .Surfaces  are  assumed  to  be  absent.  Since  the  ionization 
rate  is  a  function  of  the  electric  field,  there  will  be  no  variation  of 
ionization  rate  in  the  axial  direction  but  an  appreciable  variation  in  the 
radial  direction.  Figure  6  is  a  plot  of  the  variation  of  ionization  rate 
with  E^/p.  Using  this  figure  it  is  possible  to  plot  the  ionization  rate 
as  a  function  of  electric  field,  and  hence  of  radial  position,  at  a 
constant  pressure. 

In  Fig.  7  the  variation  of  electric  field  and  ionization  rate  as  a 
function  of  the  radial  distance  param^^er,  mr ,  is  plotted.  Because  of  the 
rapid  decrease  of  the  ionization  rate  with  electric  field,  the  ionization 
rate  has  dropped  to  a  low  value  hy  the  time  the  electric  field  has  de¬ 
creased  to  the  3-dh  point.  A  good  approximation  to  the  actual  ionization 
rate  is  given  by  the  expression 


V  , 

- ^  -  1  -  (nr  T . 2)^  . 

V  . 

I 

max 

The  curves  shown  in  Fig.  6  are  typical  of  the  variation  for  E ^/p  between 
30  and  140  volts/cm/mm  Mg.  The  expression  given  above  gives  good  approxi¬ 
mation  over  the  whole  range  of  E^  p.  Although  it  would  in  principle  be 
possible  to  use  the  actual  value  of  the  ionization  rate  and  solve  for  the 
breakdown  conditions,  usine  the  above  approximate  expression  allows  a 
closed-form  solution  to  l>e  olitained  whicli  is  good  over  the  most  important 
range  of  the  parameter  E^  p.  Note  that  if  the  maximum  electric  field  at 
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FIG.  7  COMPARISON  OF  NORMALIZED  FIELD,  (sin  mr)/mr,  WITH  TYPICAL  RESULTING 
NORMALIZED  IONIZATION  RATE  AND  PARABOLIC  APPROXIMATION  OF  THE 
LATTER 


mr  =  0  is  just  sufficient  to  start  breakdown,  the  ionization  rate  due 
to  the  electric  field  in  the  side  lobes  of  the  pattern  will  not  produce 
breakdown. 

Now,  let  us  consider  the  breakdown  equation,  Eq.  (1): 

Bn 

=  [I'i  (r  )  -  !^  ]  n  +  V^Dn  .  (1) 

3(  ■  " 

In  this  case  ^  ^  is  a  function  of  radial  position  and  D  is  a  function 
of  electron  energy  (and  hence  of  E^/p).  But  since  we  are  confining  our 
interest  to  a  region  bounded  so  that  E,^lp  does  not  vary  by  more  than 
3  db,  we  shall  assume  that  D  is  constant.  Therefore,  F,q.  (1)  may  be 
written  as 

1  Bn 

/)  d( 

12 


n  t  V2n 


(7) 


Followitif!  a  procedure  siiniiiir  to  tin-  ease  for  uiiifonii  fields,  we  oftaiti 


1  n 

—  In  — 
hi  n„ 


"hill  Yh 

ll  I)  n 


For  CW  breakdown,  T  goes  to  infinity  and  tlie  left-band  side  of  tbe 
equation  goes  to  zero,  so  that  the  breakdown  condition  is  expressed  by 


- - -  n  V^,,  =  0 

[)  [) 


Expanding  Eq .  (9)  in  cylindrical  coordinates  and  including  the  ap¬ 

proximate  expression  for  the  ionization  rate,  we  obtain 


d^n  Idn  )  ‘max 

-  + - +  < - - 

r  2  r  dr  D 


where  a  is  the  radius  at  which  the  field  is  down  3  db, 

Ihis  expression  is  good  for  0  £  r  5  solution 


2  /2cr  -  ] 


,  1  ,  czx 


where 


1  1 

kn  . 


kr  I  1 


M[a  ,7,y]  =  ronfliient  h  ype  rg  come,  t  r  i  c  function 


lor  r  >  a,  we  assume  that  the  ionization  rate  is  zero,  so  that 
Kq.  (10)  reduces  to 

d^n  1  dn 

- +  —  ri  =  0  ( 

,1^2  r  dr  I) 
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which  has  the  general  solution 


Since  J^(ir)  increases  with  increasing  r,  it  cannot  meet  the  bound¬ 
ary  condition  that  n  “*  0  as  r  I'herefore 


n 


r 


>  a 


Applying  the  boundary  conditions  that  both  n  and  Vn  are  continuous 
across  r  =  a,  we  obtain 


where 


/6cr  -  ] 

M  - 

2cr  -  1  V  4<t 

2cr  /2cr  -  1 

M  - 

\  Act 


X 


0 


^0  = 


(12) 


The  solution  of  Eq.  (12)  is  plotted  in  lig.  8.  We  may  use  Kig.  8  to 
find  the  value  of  required  for  breakdown  as  a  function  of  pa,  as 

follows:  Let 


O 


Ihen,  using  MacDonald’s  approximation^  for  the  attachment  rate  and  col¬ 
lision  rate, 


=  A  ^  10"*i^  =  5.3x10V 

a  c  c  r 

we  obtain  the  required  ionization  rate  on  the  axis  of  the  cylindrical 
region : 
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FIG.  8  MINIMUM  BREAKDOWN  CONDITION  FOR  INFINITE  CYLINDER  (r  =  a) 
V,  .  [l-(rVo^] 


V 

—  =  2. 12  X  lOM/ 

P 

We  can  then  determine  the  required  value  of  from  lig.  6. 

To  obtain  M  we  need  to  know  N.  Again  from  MacDonald^  we  find  that 

Dp  =  3.2  X 

where  is  the  average  energy  of  the  electrons. 

For  a  typical  microwave  discharge,  the  average  energy  is  approxi¬ 
mately  4  ev  so  that  Dp  is  approximately  1.28  x  10^.  Putting  this  into 
the  equation  for  N  we  find 

N  =  0.041 ipa 

Thus,  for  each  value  of  pa  we  find  /V.  From  /V  we  find  A/;  from  M  we 
find  i\,/p',  from  v^^/p  we  find  E^/p.  The  results  of  this  computation 
are  plotted  in  Fig.  9.  We  see  that  so  long  as  pa  >  25,  E ^/p  is  a  constant. 


FIG.  9  CONTINUOUS-WAVE  BREAKDOWN  ALONG  AXIS  OF  INFINITE  CYLINDER  OF 
IONIZATION  IN  UNBOUNDED  MEDIUM 
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FIG.  10  CW  BREAKDOWN  POWER  DENSITY  AT  X-BAND  FOR  INFINITE  CYLINDERS 
OF  1-,  10-,  AND  100-cm  RADIUS 


In  this  region  diffusion  losses  are  negligible  and  the  breakdown  is 
at t a chment -cont ro 1 1  ed .  For  pa  ^  2S,  fe^/p  rises  as  pa  decreases,  indi¬ 

cating  that  diffusion  losses  are  important  in  the  breakdown  process. 

Using  Fig.  9  it  is  possible  to  calculate  tbe  CW  breakdown  power  density 
as  a  function  of  pressure  for  a  constant  value  of  a.  This  has  been 
done  and  the  results  are  shown  in  Fig.  10  for  several  values  of  a  at 
Y-band.  In  Fig.  11  the  breakdown  power  density  as  a  function  of  pres¬ 
sure  is  plotted  for  three  different  frequencies  with  a  constant  value 
of  a  =  100  cm. 

From  Fig.  10  we  can  see  that  the  larger  the  spot  diameter  is,  the 
lower  must  be  the  pressure  at  wliich  diffusion  losses  become  important. 

For  a  =  100  cm,  diffusion  losses  are  not  important  until  the  pressure  is 
leas  than  0.1  mm  llg;  for  a  =  10  cm,  diffusion  is  important  at  pressures 
below  1  mm  tig.  The  minimum  ]iower  density  for  breakdown  is  about  400  watts/cm^. 
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From  tig.  11  we  can  .see  the  effect  of  fre([uency  on  breakiiown  power 
density.  As  the  frenueticy  is  increased,  the  power  density  required  for 
breakdown  increases.  The  iruniinum  power  density  is  approximately  propor¬ 
tional  to  the  frequency  squared.  Thus,  the  minimum  power  density  at 
10,000  Me  is  about  400  watts/cm'^  while  at  1000  Me  it  is  on  1  y  4  wat  t  s/cm^  . 

To  solve  for  the  case  of  pulse  breakdown  we  reconsider  Kq.  (8). 


1 


Dr 


n 


V  .(r) 

D 


We  have  solved  the  case  for  T  If  we  assume  that  n  has  the  same 

spatial  variation  at  different  times,  and  that  the  InLofrl/ng]  term 
varies  so  slowly  in  r  that  it  does  not  change  the  distribution  of  n 
from  the  CW  distribution,  we  may  use  the  CW  solution  for  the  distribu¬ 
tion  of  n  and  consider  its  time  growth.  If  n(r)  is  of  the  form  T{t)R{r), 
the  diffusion  term  is  a  constant  with  time.  Using  the  CW  distribution 
we  may  calculate  an  equivalent  diffusion  length  for  each  condition 

of  pa.  Thus  for  CW  breakdown 


D 


Dividing  by  we  get 


(0)/p  -  vjp 


pA 


Putting  in  the  approximations  used  before  for  the  diffusion,  attachment, 
and  collision  rates,  we  find  that 

2 

=  1.66  X  10"2(p„)2[,w  -  1]  .  (13) 

.Since  Af  is  a  function  of  pa,  the  left-hand  side  of  Kq .  (1.3)  may  be  found 
as  a  function  of  pa. 
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He  t  Ill'll  i  up  Lo  Hcj.  (8),  ior  lireakiiowii  to  occur,  n  iiiu.st  equal  ti  ^  ,  and 
the  required  ioiii  zuL  i  on  rale  is  preater  than  tiie  CW  value  by  a  term  in¬ 
volving  the  pul-se  width 


(0) 


In  n^/n^ 
Dt 


(14) 


The  right-hand  side  of  this  equation  is  of  the  form  of  a  diffusion 
length,  defined  so  that 


(A  ^ - 


A  commonly  used  value  of  n^/n^  is  10®  so  that 


Dt 

20.  4 


Thus  Eq.  (14)  becomes 


i^.(O)  -  1/ 


I _  ^  __1_ 


(A)^ 


(15) 


When  A  >>  A,,,,  the  breakdown  field  is  the  same  as  for  CW .  If  A  <<  A-., 

p  W  p  ' 

the  breakdown  field  is  higher  than  the  CW  field.  Putting  in  the  values 
of  the  effective  CW  and  pulse  diffusion  length,  we  obtain 


i^.(O) 


P 


2.12  X  1 0  ^  W 


20.4 


(16) 


lo  calculate  F.  ^  /  p  for  pulse  breakdown,  choose  a  value  of  pa  and 
find  M.  For  each  value  of  pT  find  i/./p.  From  v^jp  obtain  E^/p. 

Figure  12  gives  a  plot  of  E^/p  as  a  function  of  pT  for  nine  values  of 
the  parameter  pa. 

In  Section  III,  measured  values  of  the  breakdown  power  density  will 
he  presented  and  compared  to  the  values  calculated  from  this  theory. 
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Ill  MMASUUI^MFiViTS  OF  niULlKDOWN  LEVELS 


A.  DESCHIPTION  OK  TIIK  KQU I  I’MKNT 

In  order  to  verify  llie  tlieoretical  calculations  presented  in 
Section  II,  an  experimental  set-up  was  constructed  that  would  allow 
measurements  to  be  made  of  the  breakdown  power  density  at  A'-band  (approxi¬ 
mately  8500  Me)  as  a  function  of  pressure.  A  low-pressure  region  suf¬ 
ficiently  large  in  size  to  be  a  good  approximation  to  tbe  case  of  no 
diffusing  surfaces  was  made  by  evacuating  a  four-foot  diameter  spherical 
Plexiglas  chamber.  A  parabolic  antenna  was  placed  outside  the  vacuum 
chamber  and  fed  by  a  waveguide  placed  at  a  distance  from  tlie  parabola 
such  that  the  maximum  power  density  point  occurred  near  the  center  of  the 
Plexiglas  chamber.  This  is  sketched  in  the  inset  of  Fig.  13. 

An  A-band  radar  transmitter  capable  of  producing  over  100  kw  of  peak 
power  was  used  as  a  source  of  microwave  power.  Tlie  equipment  produced  a 
pulse  width  of  approximately  3  microseconds  and  was  run  at  a  pulse 
repetition  rate  of  about  300  pulses  per  second,  although  in  certain  tests 
the  repetition  rate  was  varied  to  note  its  effect  on  breakdown.  The  peak 
power  was  determined  from  a  measurement  of  the  average  power  on  a  Hewlett- 
Packard  4.30C  power  meter  that  was  coupled  to  the  main  line  through  a 
calibrated  directional  coupler  and  attenuator. 

A  500-microcurie  polonium  source  was  attached  to  the  inside  of  the 
chamber,  as  far  as  possible  from  the  microwave  beam,  to  ensure  repeatable 
measurements.  Tlie  polonium  source  <loes  not  lower  the  threshold  breakdown 
level  but  merely  ensures  the  presence  of  the  initial  electron  to  initiate 
the  breakdown.  Breakdown  v.n.';  delected  either  visually,  as  the  first  sign 
of  a  glow  in  the  chamber,  or  a.s  the  first  change  in  the  power  received  by 
a  small  pickup  horn  that  wa.s  in  line  with  the  parabola  but  mounted  dia¬ 
metrically  opposite  to  it.  A  b  I  or  k  rli.igram  of  the  set-up  is  shown  in 
Fig.  1  .f  ami  a  photograph  is  shown  in  Fig.  15. 

B.  DFTFHMINATION  OF  rilE  .SPATIAL  III.S  THI  BIH  1  0.\ 

OF  TllF  POWFB  DENSITY 

With  the  18-itich  parabolic  antenna  mounted  over  the  vacuum  chamber, 
the  waveguiile  feeding  the  auteiina  was  set  at  a  fixed  position  and  tlie 
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TO  OSCILLOSCOPE 
REFLECTED  POWER 


FIG,  14  BLOCK  DIAGRAM  OF  EQUIPMENT  FOR  MEASURING  FREE-SPACE 
BREAKDOWN  LEVEL 
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a  X  i  K  1  (1  i  s  I  r  i  1)11 1  i  oil  o  I  o  1  or  L  r  i  o  (  i  o  I  d  «  a  .■>  no  a  >  ii  i  o il  liy  ii  small  il  i  ])o  1  o 
probe  aLlaolieil  Lo  a  moving  lairiaKO.  lUiiii  tlio  repiuii  ol  iiuixiiiniin  eleclric 
field  was  fouiul,  several  iransversi'  li  i  .s  1. 1  I  bal  i  on  s  were  ineasiireii  Lo  ilcLor- 
iiiiiie  tlie  radial  exLcoL  ol  t.lie  field.  Tli  i  .s  deLeniiiiied  Llie  parameter  a. 

A  typieal  axial  d  i  .s  (  r  i  loi  t.  i  on  is  .sliowii  in  !•  i  p  .  1  .'!  {  a  )  and  a  typical  trans- 

ver.se  d  i  s  t  r  i  but  i  on  in  I'i  p  .  13(b).  |■■|•Olll  fi  p  .  13(a)  it  can  be  seen  that 

tbe  axial  field  i  .s  constant  wit.  bin  1  db  (or  about  20  cm.  For  tlie  pressures 

and  pulse  widths  that,  were  used  in  t.hi'  laea  .sn  r  eiiie  n  t  s  ,  this  makes  a  very 

good  approximation  to  the  theoretical  i.iodel  of  an  infinitely  long  cylinder 
of  constant  amplitude.  'rhe  3-dl)  radius  could  be  varied  somewhat  by 
changing  the  position  of  the  feed  wa v ego i  tb- ,  iint  for  the  most  of  the  data 
a  feed  position  was  useil  that  minimized  the  3-db  radius,  since  this  gave 
the  greatest  [lower  density  .it  the  focal  point,  and  hence  the  greatest 
range  of  pressure  over  which  nieasn  r  emeu  t,  s  could  be  made.  'flip  miiiiiiinm 
3-db  radius  was  2,1  cm. 

Measurements  were  made  with  the  iipiier  Plexiglas  hemisphere  in  place, 
and  with  the  hemisphere  removed,  to  determine  if  there  were  any  defocusing 
effects.  The  spatial  d  i  =  t  r  i  hn  t  i  ons  chitiigcd  only  slightly,  but  tbe  power 
level  at  the  focal  point  with  the  bemi sphere  in  [ilaee  was  about  0.8  db 
less  than  with  the  hem i s plie re  removed.  This  was  prohahly  mainly  due  to 
seattering  off  the  outside  surface  of  the  hcmis[dieie  in  nddition  to  a 
small  degree  of  defocusing. 

Once  the  maximiiin  power  density  plane  was  found,  the  value  of  the 
power  density  per  watt  into  the  waveguide  feeding  the  [larabola  was  de- 
tormiiied  as  follows.  With  a  signal  generator  connecled  Lo  the  parabola, 
the  [lower  received  by  a  small  born  at  tlie  maximnm  jiower  density  plane 
was  measured  relative  to  the  [lower  transmitted  by  the  [iiirabola.  ('.all 
tlii.s  ratio  iV.  Tbe  effeitive  a|>eitiire,  A  ,  ol  the  horn  was  calculated  liy 
mean.s  of  a  te.(hnii[iie  of  dranii**  which  is  good  to  better  tliiin  0.1  db.  Then 
the  maxi  mum  iiower  den.sity,  )’  ,  i  .s 

/'  (/’  /V)  .1 

mux  '  1  '  f 

where  /’^  is  the  t,  r  a  nsiii  i  I  I  eii  [lowe  i  .  In  oiir  ca.se,  iV  was  measured  as  8  dh, 
and  /I  ^  wii.s  calriilai.ed  to  be  11  1  <  iii^  ,  so  that 

/’  <\'  )  70  watts  .'cm^ 

m  n  X  I 
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Tlie  presence  of  the  upper  hemisphere  requires  the  addition  of  an  addi¬ 
tional  defocusinf'  loss  of  0.8  dh,  so  that 

i'  =  1 1 . 8  f’  mi  1 1  iwa  1 1  s  ^cin^ 

Another  correction  must  Le  added  because  the  value  of  effective  aperture 
was  calculated  for  plane-wave  transmission,  altliough  it  was  used  to 
measure  power  in  a  non-uniform  field.  It  is  estimated  that  this  error 
is  about  0 .  f)  db,  so  that  tlie  value  of  /’  tliat  was  used  in  translating 
the  measured  values  of  power  into  power  density  at  the  focal  plane  was 

P  -  13.1  P,  mi  1  1  i  wa  1 1  s  ■'cm^ 

max  t 

With  the  transmitter  power  available  (of  the  order  of  100  kw  peak)  it 
was  thus  possible  to  produce  peak  power  densities  of  1300  watts/cm^. 

C.  MEASUHliD  AND  TllKOliKT ICAL  BIIEAKDOWN  LEVELS 
IN  THE  ABSENCE  OF  SlIBFACES 

The  measured  values  of  the  pulse  breakdown  levels  in  the  absence  of 
surfaces  are  presented  in  Fig.  16.  for  these  measurements  a  frequency  of 
8.53  Gc  and  a  pulse  width  of  3  microseconds  were  used.  Because  of  insta¬ 
bilities  in  tbe  transmitter  when  it  was  operated  at  low  pulse  repetition 
rates,  the  measurements  were  carried  out  with  a  PHE’  of  200.  In  order  to 
facilitate  comparison  with  the  theoretical  values,  which  were  derived  on 
a  single-pulse  basis,  tbe  measured  values  have  been  increased  1  db.  This 
is  the  decrease  in  power  required  for  breakdown  wlien  tbe  PBF  is  increased 
from  one  to  two  hundred. 

From  Fig.  16  we  can  see  that  the  minimum  power  density  required  for 
breakdown  occurs  at  a  pressure  of  about  4  mm  Mg,  which  is  the  same  pres¬ 
sure  at  which  the  minimum  occurs  for  A-band  breakdown  in  waveguides  and 
antennas.  This  is  the  pressure  at  which  the  collision  frequency  and  the 
radian  radio  frequency  are  approximately  equal.*  Tlie  power  density  at 
the  minimum  is  about  800  watts 'cm^.  Figure  17  is  a  photograph  of  tlie 
di scha  rge . 

Also  plotted  in  Fig.  16  is  the  breakdown  level  as  computed  from  the 
theory  presented  in  .Section  11  for  non-uniform  fields.  The  value  of  the 
3-db  radius  in  this  calculation  was  2.4  cm.  The.  comparison  between  the 
measured  and  calculated  values  shows  ijuite  good  agreement  in  the  region 
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POWER  DENSITY - watts/cm 


PRESSURE - mmHg 


FIG.  16  CALCULATED  AND  MEASURED  BREAKDOWN  POWER  DENSITY  AS  A 
FUNCTION  OF  PRESSURE  — SINGLE-PULSE  BREAKDOWN,  □  =  2.4  cm 


FIG.  17  BREAKDOWN  OF  AIR  AT  4  mm  Hg  PRESSURE  IN  THE  ORTHOGONAL  PLANES 
OF  THE  ANTENNA  PATTERN 

(a)  E-PLANE 

(b)  H-PLANE 


29 


over  wliicli  sttcli  a  cmirpa  r  i  son  can  be  made.  'Ilie  niinimuin  occurs  iii  approxi¬ 
mately  tlie  .same  pressure  rCf^ime,  and  the  level  ol  power  density  at  the 
minimum  was  measured  and  i'ound  to  be  williiii  1  db  o  1’  the  lalculnted  value. 

In  fact  the  agreemeni,  is  of  that  order  over  tlie  entire  pressure  range. 

This  agreement  is  taken  as  proof  that  the  tlieoretical  model  used  for 
calculatittg  the  breakdown  leel  in  a  non-uniform  field  is  reasonably  valid. 
The  variation  between  tlie  measured  and  calculated  values  ol  1  db  can  be 
accounted  for  by  a  number  of  factors  —  uncertainties  in  the  power  density 
calibration,  variation  in  the  actual  pulse  from  a  rectangular  pulse, 
variations  in  tlie  I’HF  correction  with  pressure,  uncertainties  in  the 
ionization  rate. 

D.  MKASUHKn  ANO  Till' OHl'.T  I CA  L  BlUiAKDOW.N  IdiVliLS  IN  THE 
PHESENCE  OF  A  HEFEECTING  PL\TE 

In  order  to  furtlier  check  the  theory  for  breakdown  in  non-uniform 
fields  and  to  show  the  effect  of  a  boundary  on  the  breakdown  level  a  flat 
aluminum  plate  was  placed  at  tiic  maximum  power  density  plane.  This  al¬ 
tered  the  axial  distribution,  producing  a  s ta nd i ng - wa ve  pattern  of  power 
density  witli  a  null  in  tlie  aluminum  plane  and  every  ha  1  f -wavelength  above 
it.  Tills  also  raised  the  maximum  power  density  per  input  watt  approxi¬ 
mately  6  db,  enabling  measurements  to  he  made  over  a  wider  pressure  range 
than  wlien  the  plate  was  absent.  The  measured  axial  distribution  of  elec¬ 
tric  field  is  shown  in  Fig.  18.  Only  the  level  and  position  of  the  maxi¬ 
mum  and  minimum  field  were  noted,  and  the  curve  was  not  smoothed  ont, 
which  accounts  for  the  spiky  appearance  of  the  plot.  Actually  the  field 
varied  sinusoidally  between  tlie  nulls.  The  measured  data  within  a  lew 
centimeters  of  the  ground  plane  probably  are  not  very  accurate  because 
of  proximity  effects  on  the  probe  impedance.  The  envelope  of  the  peaks 
follows  closely  the  field  distribution  in  the  aliscnce  of  a  ground  plane. 

.Measurements  were  made  of  the  breakdown  power  'lensity  for  tliis  con¬ 
figuration  using  tlie  same  freiiiiency,  I’liF,  and  pulse  widtii  as  iiefore. 

The  results  are  sliown  in  Fig.  lb.  flie.  minimum  still  occurs  at  -i  mm  llg 
hut  is  sliglitly  higlier  —  about  1  kw  Cm^  compared  to  800  watts  'cm^  without 
the  aluminum  plate.  Also  plotted  in  Fig.  lb  is  the  calculated  value  of 
breakdown  level  using  the  theory  for  noii-uniform  field.s.  For  this  cal¬ 
culation  u  was  considered  to  he  the  ,1-dh  distance  from  the  principal 
maximum  of  the  axial  distribution  instead  of  the  transverse  distribution. 
Since  the  s  t  and  i  ng- wn  ve  il  i  s  t  r  i  bii  t  i  on  along  the  axis  has  the  form  of 
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FIG.  18  AXIAL  ELECTRIC  FIELD  DISTRIBUTION  WHEN  FLAT  PLATE  IS  PLACED 
AT  THE  FOCAL  PLANE 


.11 


POWER  DENSITY - »alts/cm 


FIG.  19  CALCULATED  AND  MEASURED  BREAKDOWN  POWER  DENSITY  AS  A  FUNCTION 
OF  PRESSURE— SINGLE-PULSE  BREAKDOWN,  a  -  0.44  cm 
(Plot  Plate  at  Focal  Plane) 


sin  (kz)  ,  where  k  =  2v'K,  the  va  hie  of  a  is  \ '8  or  0,4)  ciii  at  8.5  Go. 

The  3-db  distance  in  the  transverse  direction  is  2.4  cm.  Since  the 
smaller  distance  is  the  one  that  will  control  diffusion  losses, 
a  =  0.44  cm  was  the  value  used  in  the  calculation.  Once  again  the  com- 
paiison  between  the  measured  and  the  calculated  values  shows  quite  close 
agreement  over  the  entire  pressure  range. 

In  Fig.  20,  the  measured  breakdown  power  density  is  shown  for 
a  =  2.4  cm  and  n  =  0.41  cm,  corresponding  to  tlie  case  of  an  unbounded 
medium  and  a  flat  plate  at  the  maximum  power  density  plane,  respectively. 
At  high  pressures,  where  diffusion  is  negligible,  and  especially  for 
pulsed  breakdown,  there  is  very  little  difference  between  the  two  cases. 

At  lower  pressures,  where  diffusion  can  become  important,  the  larger 
diffusion  losses  that  are  encountered  in  tbe  presence  of  the  flat  plate 
lead  to  higher  breakdown  fields  than  for  the  case  of  an  nnhounded  medium. 

Photographs  of  the  discharge  are  shown  in  Figs.  21,  22,  and  23.  flic 
bright  bars  are  one -ha  1  f -wave  1 ength  apart,  showing  that  hreakeiown  occurred 
at  each  peak  in  the  electric  fii-]d  d  i  s  t  r  i  hii  t  i  on  .  The  lowest  jieak  is  a 
reflection  in  the  surface  of  the  aluminum  plate. 
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500 


MEASURED- ADJUSTED 
FOR  SiNGLE-PULSE 
breakdown — W/CP 


measured-adjusted 
FOR  single -pulse 
breakdown - WO/GP 


PRESSURE - mmHg 


FIG.  20  MEASURED  BREAKDOWN  POWER  DENSITY  FOR  AN  UNBOUNDED  MEDIUM 
AND  IN  THE  PRESENCE  OF  A  FLAT  PLATE  AT  THE  FOCAL  PLANE 


E.  CONCEITS  I  ON-S 

[L  i  .s  cotic  1  ikIimI  I'roin  tlic  moa.sn  rpinf'nt.s  reporlni  in  thi.s  .snctioii  that 
tlip  mode]  di.srussod  in  Scclion  [|  for  ra  1  cii  1  a  l  i  nf.j-  Llio  breakdown  power 
(Jensity  of  air  in  an  nniionndcd  meiH  uni  witli  non-nnifnrm  field.s  i  .s  valid 
wit.liin  I  to  2  do.  .^iiiee  .scalini;  law.s  liave  been  verified  in  previous 
work  nsinf'  a  .similar  tlieorv,  it  i -s  coneludevl  tlial  they  will  al.so  apply 
to  this  case. 
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METALLIC  GROUND  PLANE 
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METALLIC  GROUND  PLANE 
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FIG.  23  BREAKDOWN  OF  AIR  AT  0.6  nim  H 
OF  A  METALLIC  GROUND  PLANE 


IV  T^.A^SMISS1().^  TilMOlIGM  A  1)1  SCIiAllGH 


III  order  to  dote  riiii  iic.  o  rd  i- 1  -  o  1’ -  iiia^n  i  t  iide  eliects  of  the  L  r  a  ii  sm  i  s  s  i  on 
of  energy  tlirougli  the  ionized  air  formed  hy  the  voltage  breakdown,  a 
simple  experiment  was  set  up.  A  sketch  of  the  experiment  is  sliown  in 
1' i  g  •  24.  It  was  necessary  to  provide  a  pressure  differential  between  the 
region  over  which  ionization  was  desired  and  tlie  region  in  whicli  the 
microwave  receiving  probe  was  to  be  located.  If  this  was  not  done,  and 
one  wanted  to  probe  tlie  received  signal  with  a  directive  antenna  in  the 
vicinity  of  the  local  plane,  the  discharge  would  form  around  the  probe, 
altering  both  the  probe  characteristics  and  the  discharge.  One  crude 
means  of  accomplishing  the  pressure  differential  was  to  use  a  small  bell 
jar  that  could  he  pumped  down  to  the  desired  pressure,  and  to  place  the 
focal  plane  and  the  probe  outside  tlie  bell  jar.  In  this  way,  only  the 
region  in  the  bell  jar  could  be  ionized.  The  case  that  was  studied  was 
one  in  which  the  breakdown  occurred  to  the  left  of  the  focal  plane.  In 
a  h i gh - a  1 1 i tude  case  this  would  correspond  to  breakdown  at  altitudes 
below  the  focal  altitude. 


TRANSMirriNG 

»ntenn»  .glass  bfll  jar 


FIG.  24  EXPERIMENTAL  SET-UP  USED  IN  MEASURING  THE  TRANSMISSION 
LOSS  THROUGH  A  DISCHARGE 
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l.'i  one  case  the  transmitted 


Data  were  taken  in  several  lorins. 
power  was  set  at  a  constant  level  and  the  pressure  varied.  At  each  pres¬ 
sure  the  received  pul.se  was  photographed  at  three  positions  along  the 
axis;  at  21  cm  (focal  plane),  7  cm,  and  1  cm  from  the  hell  jar.  Some 
typical  pulses  are  shown  in  Dig.  2.S  for  the  three  positions.  In  Fig.  26 
the  results  are  shown  by  comparing  the  signal  loss  as  a  function  of  time 
for  the  three  positions.  In  the  photographs  time  is  read  from  right  to 
left.  When  the  pulse  is  turned  on,  the  full  amount  of  power  is  trans¬ 
mitted  without  attenuation  until  breakdown  occurs  [at  about  0.2  micro¬ 
second,  for  example,  in  Fig.  26(d)]  when  there  is  a  deciease  in  the 
power  received  by  tlie  probe.  Since  the  phenomenon  is  predominantly  a 
single-pulse  breakdown,  the  same  process  occurs  on  each  pulse.  In  all 
cases  the  position  closest  to  the  discharge  shows  the  greatest  loss  in 
received  signal.  The  21  and  7  cm  positions  show  almost  the  same  signal 
loss;  at  all  pressures,  the  loss  is  appreciably  lower  than  the  1  cm 
position. 

These  results  can  be  explained  with  the  aid  of  Fig.  27.  Point  a 
is  the  focal  point,  while  Points  6  and  c  correspond  to  positions  that 
are,  respectively,  7  and  1  cm  from  the  discharge.  If  we  use  ray  optics 
and  consider  the  plasma  simply  as  an  absorber  of  electromagnetic  energy, 
then  for  transmission  to  Point  c,  every  ray  undergoes  absorption.  For 
transmission  to  Point  6,  only  some  of  the  rays  are  absorbed;  others  pass 
unattenuated.  Only  a  very  few  of  the  rays  transmitted  to  Point  a  suffer 
absorption.  Thus  the  absorption  is  least  at  Point  a  and  greatest  at 
Point  c.  The  experimental  conditions  are  not  as  neatly  defined  as  are 
the  conditions  in  Fig.  27.  The  plasma  may  also  act  as  a  len.s  to  focus 
or  defocus  energy.  Furthermore,  the  extent  of  the  plasma  is  not  as 
sharply  defined  as  was  the  plasma  in  the  illustration.  However,  if  the 
lens  effect  is  not  large,  the  experimental  case  should  be  similar  enough 
to  the  illustration  to  he  understood  in  the  manner  suggested. 

The  results  shown  are  for  only  one  power  level.  For  higher  power 
levels,  the  extent  and  thickness  of  the  plasma  would  be  greater  and  hence 
the  attenuation  would  also  be  greater.  For  lower  power  levels,  the  con¬ 
verse  would  he  true.  With  the  single  power  level  used,  the  plasma  at 
the  higher  pressures  was  rather  small  in  siz.c  so  that  the  absorption  was 
small.  As  the  pressure  was  lowered,  the  discharge  became  larger. 


FREO.  =  BSOOMc 
PRF  =  300  PPS 
PW  =  3X  I0‘®  SECONDS 
0.5  MICROSECONOS/oiVISfON 
PRESSURE  =  4mmHg 


(a) 

PULSE  WITHOUT  BREAKDOWN 


(b) 

probe  21cm  FROM  BELL  JAR  (FOCAL  POINT) 


FIG.  25 


rnuiuoKAKHS OF  PULSFS  RECEIVED  THROU 
FOR  DIFFERENT  PROBE  POSITIONS 


the  discharge 
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FIG.  27  RAY  OPTICS  MODEL  OF  ABSORPTION  OF  ENERGY 
BY  THE  PLASMA  AT  DIFFERENT  PROBE 
POSITIONS 


llie  variation  u  I  t  ransriii  s.si  on  loss  witli  pro.s.saii  is  thus  partially  ex- 
l)laiiieil  by  the  variation  in  tlie  plasma  il  i  iin' ns  i  on  s .  Of  course,  tlie  plasma 

parameters  —  electron  density,  ami  collision  frciiuency  —  also  varied  with 
pressure  so  tljal  the  plasma  size  does  not  f;ive  tlie  complete  description 
desired.  A  diagnosis  of  the  plasma  would  Ijc  required  to  comiilete  the 
account.  llie  results  ol  such  a  diagnosis  are  rejiorted  later. 


Me  a  surements  were  also  made  of  the  received  power  in  a  plane  perpen¬ 
dicular  to  the  axis.  "Ihese  measurements  were  maile  at  21  and  7  cm  for 
three  different  power  levels.  At  36  hw  no  breakdown  occurred.  At  48  kw 
a  small  discharge  was  started.  At  96  kw  the  discharge  was  considerably 
larger.  All  measurements  were  at  a  pressure  of  0.55  mm  llg.  The  results 
are  shown  in  figs.  28  and  29-  The  values  given  are  in  db  below  the  level 
specified  for  eacli  curve.  Thus,  -3  db  for  the  36-kw  curve  equals  18  kw, 
wliile  for  tlie  96-kw  curve  it  is  48  kw.  from  fig.  28,  which  is  for  the 
power  received  at  the  focal  point,  increasing  the  jiower  by  4.3  db  from 


FIG.  28  TRANSVERSE  FIELD  DISTRIBUTIONS  FOR  DIFFERENT  POWER 
LEVELS  — AXIAL  POSITION  OF  PROBE  AT  FOCAL  PLANE 
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FIG.  29  TRANSVERSE  FIELD  DISTRIBUTIONS  FOR  DIFFERENT  POWER 
LEVELS  —  AXIAL  POSITION  7  cm  FROM  THE  BELL  JAR 


36  kw  to  96  kw  results  in  an  increase  in  the  power  at  the  focal  point  of 
only  2.3  <lb,  from  36  kw  to  60  kw.  Increasing  the  power  level  once  a  dis¬ 
charge  has  started  results  in  an  increase  in  this  nonlinear  effect  so 
that  less  power  reaches  the  focal  plane  per  input  watt  as  tlie  input  power 
increases.  This  is  more  strikingly  illustrated  in  Fig.  28  where  an  in¬ 
crease  of  input  power  from  36  to  96  kw  does  not  increase  the  power  level 
on  axis  at  all. 

The  shape  of  these  curves  may  be  understood  qualitatively  by  once 
again  using  a  ray  optics  model,  as  illustrated  in  Fig.  30.  For  a  given 
axial  probe  position,  say  7  cm,  and  no  breakdown,  the  transverse  dis¬ 
tribution  of  electric  field  will  depenii  upon  the  phase  of  the  various 
rays  arriving  at  each  point.  This  gives  the  variation  shown  for  the 
36-kw  power  level.  With  a  plasma  present,  some  of  tlie  rays  are  attenu¬ 
ated.  At  Position  1  in  lig.  30,  all  of  the  rays  go  through  the  plasma, 
and  the  received  level  drops.  At  Position  2,  which  is  off  axis,  only 
some  of  the  rays  are  attenuated  by  the  plasma  so  that  the  received  signal 

n 


FIG.  30  RAY  OPTICS  MODEL  OF  ABSORPTION  OF 
ENERGY  BY  THE  PLASMA  AT  DIFFERENT 
POSITIONS  IN  THE  TRANSVERSE  PLANE 
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drops  less  tliiui  for  I’ositioii  1,  \t  Position  3,  none  of  tlie  rays  pass 
tlirougli  tlie  plasma  anil  the  reeeived  level  is  llie  same  as  for  no  plasma 
present.  The  larger  tlie  plasma  diameter,  the  lurtlier  off-axis  will 
Condition  3  be  observed.  Tliis  is  precisely  wliat  happened  in  tlie  measure¬ 
ments  reported  in  Kig.  29.  The  36-kw  curve  represents  the  no-plasina 
condition.  At  48  kw  a  small  plasma  was  present,  giving  a  few  db  of  on- 
axis  attenuation  but  no  attenuation  at  about  3  cm  off-axis.  As  the 
plasma  was  made  larger  by  increasing  the  fjower,  the  off-axis  distance 
at  which  the  plasma  did  not  affect  the  distribution  increased  until  at 
96  kw  it  was  7  cm. 

In  order  to  understand  the  transmission  properties  of  the  plasma 
medium  after  breakdown  has  occurred  it  is  necessary  to  know  the  plasma 
parameters:  electron  density  and  collision  frequency.  The  collision 

frequency  under  breakdown  conditions  has  been  estimated  by  Brown*  and 
MacDonald*  with  the  result  that  a  value  of  5.3  ^  lO^p  is  commonly  used. 
This  is  for  a  “hot"  plasma  with  an  electron  temperature  of  the  order  of 
5  ev.  However,  there  is  very  little  data  on  the  electron  density  at 
breakdown  for  different  conditions  of  pressure  and  input  power.  In  order 
to  measure  this  parameter  with  sufficient  spatial  resolution  in  the 
u nbounded -med ium  discharge  it  is  necessary  to  consider  Langmuir  probes. 
They  are  small  enougli  to  minimize  the  disturbance  in  the  electric  field 
distribution  when  they  are  introduced  into  tlie  field,  provided  the  axis 
of  the  probe  is  at  right  angles  to  the  electric  field  vector.  However, 
tlie  use  of  Langmuir  probes  in  the  short  time  associated  with  pulse  break¬ 
down  (less  than  3  microseconds)  has  not  been  demonstrated.  Therefore,  it 
was  decided  that  an  experimental  program  to  determine  the  feasibility  of 
probes  in  microsecond  discharges  would  be  necessary.  By  using  the  probes 
in  a  controlled  discharge  such  as  a  breakdown  in  a  rectangular  waveguide, 
the  electron  density  could  be  determined  from  microwave  propagation 
measurements.  This  would  serve  the  double  purpose  of  checking  the  use 
of  Langmuir  probes  in  microsecond  discharges  as  well  as  yield  information 
on  the  electron  density  during  microwave  discharges  as  a  function  of 
pressure  and  power  level,  A  compaiison  between  the  results  for  a  con¬ 
fined  discharge,  such  a.s  in  a  rectangular  waveguide,  and  in  an  unbounded 
medium  would  be  of  interest  in  determining  how  far  concepts  applicable 
to  confined  systems  are  appropriate  to  unbounded  systems.  To  this  end 
a  program  of  experimentation  with  Langmuir  probes  was  started. 
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V  Till:  ijsr:  of  LiNfiMUh;  vimvi.s  'ro  f'F'I'fumt’nI': 

LLFCr-tON  Di-^STTY  AiNi)  i!  MI'F MATlJi!!' 


A.  INTOODIJCTION 

K 1  eo  L  ros  t  a  l  ic  probes  ( l.a  np.-iiu  i  r  [doiie.s;  tiave  been  used  for  many  years 
to  determine  electron  and  ion  diTisiiies  and  electron  temperature  in  dis¬ 
charge  devices.^  More  recently  i  hey  have  been  used  to  determine  these 
parameters  in  the  ionospher(".  Although  there  are  many  limitations  to 
the  use  of  prohes,  they  are  often  the  only  means  of  obtaining  a  very 
small  spatial  resolution.  The  literature  dealing  with  the  theory  and 
operation  of  such  probes  will  be  reviewed  in  Part  B  with  a  view  to  de¬ 
termining  the  applicability  of  the  probes  in  diagnosing  microwave-produced 
plasmas.  Part  C  describes  a  simple  experiment  with  a  d i r ect - cur rent  dis¬ 
charge,  performed  to  gain  some  proficiency  in  the  use  of  probes  before 
applying  them  to  the  mi crowave- produced  plasmas.  Part  D  describes  an 
experiment  in  which  prohes  were  used  to  determine  plasma  properties  in 
a  discharge  in  an  evacuated  waveguide  section.  Part  E  describes  the 
probing  for  discharge  of  the  type  discussed  in  Section  III. 

B.  ELECTHOSTATIC  PROBE  THEORY 

The  theory  of  the  electrostatic  probe  was  worked  out  by  Langmuir 
and  Mott-Smith  in  the  1920’s.^  Since  their  original  work,  many  papers 
dealing  with  probes  have  appeared  in  the  technical  literature,  but  until 
very  recently  little  change  has  been  made  in  the  theory.  One  of  the 
most  important  changes  has  been  that  made  in  the  interpretation  of  the 
ion  current  in  terms  of  the  ion  temperature.*^  The  early  theory  supposed 
that  the  ion  temperature  could  he  determined  by  measurements  of  the  ion 
current.  This  is  no  longer  held  to  be  true,  since  it  has  been  shown 
that  the  electron  temperature,  and  not  ion  temperature,  is  the  controlling 
factor  in  the  ion  current. 

The  electrostatic  probe  is  a  conductor  immersed  in  a  plasma  to  which 
a  voltage  is  applied.  The  variation  of  the  current  drawn  by  the  prohe 
as  the  voltage  is  varied  produces  a  curve  which  has  the  characteristic 
shape  shown  in  Fig.  31. 
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t  (  PWODE  CURtlENT) 


FIG.  31  TYPICAL  PLOT  OF  CURRENT  AS  A  FUNCTION 
OF  VOLTAGE  FOR  AN  ELECTROSTATIC 
PROBE 


\\hen  the  prohe  is  highly  negative  {AB  in  Fig.  31)  with  respect  to 
the  plasma,  positive  ions  are  attracted  to  the  probe  and  electrons  are 
repelled.  Thus  the  current  collected  is  predominantly  made  up  of  posi¬ 
tive  ions.  Because  of  the  preponderance  of  positive  ions  and  the  lack 
of  electrons  near  the  probe,  a  positive  space  charge  is  developed  in  that 
region  which  limits  the  current  collected  by  the  probe.  The  probe  and 
plasma  form  a  system  similar  to  a  diode;  the  plasma  acts  as  the  cathode 
and  the  probe  acts  as  the  anode. 

As  the  probe  is  made  less  highly  negative  (6C  in  Fig.  31),  a  point 
is  reached  at  which  a  few  high-energy  electrons  are  able  to  reach  the 
probe.  The  current  is  then  made  up  of  electrons  and  positive  ions  so 
that  the  measured  current  is 


Since  the  electron  current  is  made  up  of  charges  of  opposite  sign  from 
the  positive-ion  current,  the  measured  current  decreases. 

The  manner  in  which  varies  as  the  potential  is  made  less  negative 
will  depend  upon  the  energy  distribution  of  the  electrons.  Conversely, 
a  measurement  of  the  variation  of  current  witli  potential  in  the  region  BD 
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12 


may  lia  used  lo  d  c  l.  <>  riii  i  ii  e  the  eiierj'y  d  i  st  r  i  hut  i  on  . 
d  i  s  t  r  i  hut  i  on  ,  the  Bolt.zmann  ci|Uiition  gives  the  ratio 
density  that  readies  the  prolie,  n '  ,  to  the  electron 
plasma,  n ,  in  terms  of  tlie  electron  temperature,  T^, 
across  the  sheath,  1',  as  follows: 


For  a  Maxwellian 
of  the  electron 
density  in  the 
and  the  voltage 


I 

n 

n 


(17) 


where  k  is  Boltzmann’s  constant  and  e  is  the  charge  on  an  electron. 

The  random  current  density  is  calculated  from  kinetic  theory  as 


nev 

I  =  - 
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(18) 


where  [  is  the.  current  density  and  i;  is  the  average  velocity.  Ihe  cur¬ 
rent  density  collected  at  the  probe  is  therefore 


nev 
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since  v  is  the  same  both  in  the  plasma  and  at  the  probe.  Combining 
Eq.s.  (17)  and  (Id)  and  multiplying  by  the  area  of  the  probe.  A,  we  may 
find  an  expression  for  the  electron  current  at  the  probe  in  terms  of 
the  electron  density  in  the  plasma: 
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exp 


(20) 


faking  logarithms  of  both  .sides  we  obtain 


net  A  Ve 

-  +  0.413  - 

4  kT 
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(21  ) 


Ifni.s  H  plot  of  a.s  a  function  of  V  should  yield  a  straif'ht  line 

whose  slope  i  .s  directly  related  to  the  electron  temperature. 

At  /.ero  potcMitial,  \  ~  0,  the  enlirf*  random  current  density  is 

f  »)1  lef  ted  and  t  he  electron  den.sity  may  he  calculated  from 
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in 


riie  average  velocily  may  !n-  c  a  1  c  ti  I  a  t  eil  oiirc  tlie  electron  temperature  is 
(le  C  e  rrn  1 II  e  J  since,  lor  a  Viaxwe  Ilian  <1 1  s  1 1  i  ii  u  t  i  o  n  , 


where  m  is  the  electron  mass.  Thus 


(23) 


(24) 


Heturning  to  Fig.  31,  we  may  note  that  at  /),  T  =  0.  At  potential 
greater  than  this,  the  prohe  is  positive  with  respect  to  the  plasma  and 
a  negative  space-charge  rapidly  forms  around  the  probe,  limiting  the 
current.  This  accounts  for  the  break  in  the  curve  at  Point  D.  As  the 
potential  is  made  greater,  the  potential  across  the  sheath  increases 
until  electrons  entering  the  sheath  acquire  sufficient  energy  to  ionize 
a  neutral  particle.  At  this  point  (Point  £),  there  is  a  rapid  rise  in 
current  for  a  slight  increase  in  potential. 

In  taking  measurements  the  voltage  is  generally  recor  led  between 
the  probe  and  a  reference  electrode  (the  anode,  for  example,  in  a  dc 
discharge).  Thus  the  voltage  corresponding  to  T  =  0  must  be  determined. 
One  approximate  method  is  to  look  for  a  sharp  break  in  the  electron  cur¬ 
rent,  as  at  Point  D.  A  more  precise  method  is  discussed  in  the  following 
section. 

When  a  space  charge  is  formed  around  a  cylindrical  probe,  the  current 
per  unit  length  is  given  by^ 

14.68  X  10'®  (1  +  0.0247  ^T/V) 

=  - - - (25) 

•/  m  /  m  ^  r  ( “/S  ^  ) 

where 

r  is  the  prohe  radius 

m  is  the  particle  mass  (ion  or  electron) 

(~/3^)  is  a  function  of  the  ratio  of  the  probe- to- sheath 
radius  and  has  been  calculated  hy  I.angmui r  and 
Blodgett . 
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This  cxpros.s  i  on  is  t:a  Iriil  iitnd  using  as  a  inodnl  a  coaxial  diode  willi  llie 
inner  rondiirtor  of  radius  r  as  the  anode  and  the  outer  conductor  of 
radius  a  (the  sheath  radius)  as  the  cathode  or  emitter. 

Langmuir  and  Mott -.Smi  tli  have  analyzed  the  current  collected  hy  a 
number  of  simple  geometric  shapes  (plane,  cylinder,  and  sphere)  and 
their  results  can  he  expr cosed'*  a o 


•  =  AJf  (26) 

where,  for  a  cylindrical  prohe, 

/  =  a/r  P(v4>)  +  exp  (i/)(l  “  Pfv^Tj  +  <p)  (27) 

and 

n  = 

(7'  = 

77  +  cp  = 

P{x)  = 

When  all  of  the  electrons  tliat  enter  the  sheath  are  collected  hy 
the  prohe,  the  current  is  said  to  he  sheath-area  limited.  However,  there 
are  conditions  when  all  of  the  electrons  that  enter  the  sheath  are  not 
captured  by  the  probe.  .Some  of  the  electrons  describe  an  “orbital  mo¬ 
tion”  about  the  probe  and  leave  the  sheath  without  striking  the  prohe. 
Iiider  these  conditions  the  current  is  said  to  be  limited  by  orbital 
motion.  These  coniiitions  correspond  to  asymptotic  solutions  of  Kq.  (27). 
When 
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ri  ■  2  --  -  2  (2R) 

<1  '  r 
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and  t  h(^  current  is  slieat  li- area- 1  i  m  i  ted  .  Ilok  et  al  ’**  have  analyzed  this 
condition  and  show  i.hal  tlie  inequality  of  Kq.  (28)  will  hold  il 
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thus  for  large  densities  and  probe  sizes,  the  current  will  Jie  sheath- 
area-limited. 

When  a/r  becomes  large,  orbital  motion  limits  the  current  and  / 
becomes 


which  in  turn  becomes 

2  - 

f  =  — —  i/tj+I 

v'n 

if  (2/3)r)2(r  Va^)  «  1. 

Introducing  Eq.  (31)  into  Eq.  (26)  and  squaring,  we  find 
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Therefore  a  plot  of  a  function  of  V  will  be  a  straight  line,  which 

intercepts  the  voltage  axis  at 


V 


0 


kT 
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(33) 


I'he  voltage  corresponding  to  the  plasma  potential  can  thus  be  found  from 
a  plot  of  {2  as  a  function  of  V.  T  =  0  occurs  at  a  voltage  kT / e  greater 
than  the  K-axis  intercept.  The  slope  of  the  straight  line  is  given  by 


44  2f 

,S  =  - 

TlkT 


(34) 
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Usin;;  (18)  and  (23)  in  l-.j,  (34),  tlu-  cleitron  density  may  lie  found: 


n 


electro ns/cc 


(35) 


where  >5  is  in  amp  volts"’^  and  A  is  in  im^. 

i'lie  conditions  for  orbital  motion  to  limit  the  current  are  given  hy 
Ilok  e  t  a  1  .  a  s 


for  low  densities  and  small  probes  the  current  will  be  orb i t a  1 -mot i on- 
l  i  m  i  t  ed  . 

C.  EXPERIMENT  WITH  A  dc  DISCHARGE 

In  order  to  gain  some  competence  in  tbe  use  of  probes,  a  dc  discharge 
tube  was  constructed  with  a  Wilson  seal  placed  5.5  cm  from  the  anode.  Tbe 
probe  was  inserted  through  the  Wilson  seal  and  could  be  moved  radially 
across  the  diameter  of  the  tube.  A  schematic  diagram  of  the  tube  and 
associated  measuring  equipment  is  shown  in  Fig.  32.  The  probe  was  made 
of  0 . 003  -  i  nc h- d i ame t er  platinum  wire,  sealed  in  a  glass  insulating  cov¬ 
ering  except  for  an  exposed  portion  */8  inch  long  at  the  tip.  The 
potentiometer  across  the  dc  supply  [labelled  (1)  in  Fig.  32l  was  varied 
until  no  current  was  drawn  by  the  probe.  This  corresponds  to  Point  G 
in  Fig.  31,  and  located  t.he  probe  in  the  proper  voltage  region.  Poten¬ 
tiometer  2  in  Fig.  32  was  then  used  to  vary  the  voltage  starring  from 
large  negative  values  to  voltage  sufficiently  positive  to  produce  a  glow 
around  the  probe.  Data  were  taken  for  three  radial  positions  of  the 
probe  (at  the  center  of  the  tube,  Vs  ineh  from  the  center,  and  at  tbe 
edge  of  the  tube)  at  a  pressure  of  0.1  mm  Hg  with  constant  discharge 
conditions.  Tbe  analysis  of  the  data  for  the  renter  position  will  be  presented  here; 
analyses  of  tbe  data  for  the  other  positions  are  sumnarized  in  a  later  section. 

A  s em i 1 og a r i t hmi c  plot  of  the  electron  current  as  a  function  ol 
voltage  (arbitrary  voltage  scale)  is  shown  in  Fig.  33.  From  the  straight- 
line  portion  of  this  graph,  the  electron  temperature  was  calculated 
[using  Kq.  (21)]  to  be  I8,200^K.  The  fact  that  the  line  appears  straight 
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FIG.  32  SCHEMATIC  DIAGRAM  OF  THE  EXPERIMENTAL 
SET-UP  FOR  THE  dc-DISCHARGE  EXPERIMENT 


FIG.  33  SEMiLOGARITHMIC  PLOT  OF  ELECTRON  CURRENT 
AS  A  FUNCTION  OF  PROBE  VOLTAGE 


indicate.s  that  mo.st  of  the  electrons  follow  a  Maxwellian  distribution. 

The  voltage  at  which  the  probe  potential  is  equal  to  the  plasma  potential 
(I'  =  0)  may  he  determined  approximately  from  the  sharp  bend  of  the  curve 
at  about  V  =  6  volts.  If  is  plotted  as  a  function  of  V ,  the  voltage 
corresponding  to  the  plasma  potential  (and  the  electron  density)  may  be 
found  more  accurately.  Ihe  plot  of  as  a  function  of  T  is  shown  in 
Fig.  34.  Ihe  asymptote  crosses  the  voltage  axis  at  4.0  volts,  so  that 
V  -  0  at  4.0  +  kT^/p  =  S.-S?  volts. 

Using  Eq .  (35),  the  electron  density  is  found  from  the  slope  of 
Fig.  34  to  he  3.23  ^  10^  electrons /cc.  From  the  current  at  F  =  0 
[F,q.  (24)],  the  electron  density  is  found  to  be  3.82  ''  10^  e  1  ec  t  rons/cc . 

From  the  slope  of  the  plot  of  i+  as  a  function  of  V,  the  ion  density 
(assuming  ions  are  collected)  is  calculated  to  he  5  ^  10^  ions/cc. 
Assuming  that  the  electron  and  ion  liensitics  were  actually  equal  in  the 
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plasma,  it  is  seen  tlial  lliere  is  I'airly  good  agroerneiit  between  the  dif¬ 
ferent  methods  of  obtaining  the  electron  and  ion  density. 

Combining  these  re.sult.s  with  the  results  of  similar  calculations 
for  the  other  two  radial  positions,  the  data  in  Table  1  were  obtained. 


'I'abl  e  1 

MEASUHEI)  VAl.UES  OF  T  AND  n 

e  e 


POSITION 

T 

e 

(volts  ) 

n  FROM  1  ^ 

<r  < 

vs  V 

(e lectrons /cc  ) 

n  FROM  i 
e  e 

at  F  =  0 
(e lec  tr  ons /cc  ) 

Center  of  tube 

1.57 

3.23  X  10^ 

3.82  X  lo’ 

inch  from 
center  of  tube 

1.15 

3.1  X  lo’ 

3.6  X  lo’ 

Edge  of  tube 

1.31 

1.05  X  lO’ 

1. 19  X  lO’ 

Note  that  although  the  two  different  methods  give  fairly  good  agree¬ 
ment  for  e 1 ec t r on -dens i t y  determinations  (within  20  percent),  the  methods 
give  electron  distributions  with  excellent  agreement  (less  than  5  percent 
difference).  Thus,  although  the  absolute  level  of  the  electron  density 
at  a  particular  point  may  he  somewhat  in  doubt,  the  spatial  distribution 
of  the  electrons  should  be  measurable  with  a  high  degree  of  accuracy. 

From  graphs  in  Cobine's  book, it  is  possible  to  calculate  the 
electron  temperature  and  density  distribution  in  the  positive  column  of 
a  d i r ec t - cur r en t  discharge  in  terms  of  the  tube  diameter,  pressure,  and 
type  of  gas.  At  a  pressure  of  0.1  mm  Hg,  for  which  our  measurements 
were  carried  out,  the  positive  column  had  disappeared  and  measurements 
were  made  in  the  Faraday  dark  space.  Although  the  theory  does  not  apply 
to  the  Faraday  dark  space,  the  values  calculated  from  the  theory  agree 
reasonably  well  with  the  measured  values.  Table  II  shows  the  measured 
and  computed  values. 


Table  11 

rOMPARl.SON  OF  MEA.SOIIEP  AND  CAbCUbATED  EbECTBON 
DI.STniUDTION  AND  TEMPERATURE 


T 

RATIO  OF  electron  DENSITY 

(volts  ) 

AT  CENTER  OF  TUBE  TO 

ELECTRON  DENSITY  AT  EDGE  OF  TUF^F. 

Measured 

1.57 

3.2 

(inlcul  ated 

1. 51 

4.  1 
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1).  I.ANCMIJIH  I'hOHKS  IN  A  IMil.SKlJ  MICHOWAVK  DISCIIAHGE 


1.  1  .M  lulDUCr  I  ON 

A  yrcaL  (leal  uf  I'xpt-r  i  eiice  in  I  lie  practical  details  involved  in 
tlie  use  of  Langmuir  prolie.s  was  gained  1  roin  tlie  dc  discharge  experiment 
as  well  as  confidence  in  their  applicability.  However,  tlie  use  of  such 
prolies  in  microwave  discharges  which  are  pulsed  on  for  only  one  or 
two  microseconds  remained  to  be  demonstrated.  In  this  section  the  re¬ 
sults  of  experiments  for  such  tests  are  reported. 

In  order  to  check  the  electron  density  inferred  from  the  prohe 
measurements,  a  microwave  discharge  was  produced  in  a  rectangular  wave¬ 
guide  operating  at  ^-hand.  From  the  attenuation  of  the  signal  after 
breakdown  occurred,  a  value  of  electron  density  was  found.  A  comparison 
of  the  microwave  and  probe-determined  electron  density  shows  that  the 
ion-current  portion  of  the  probe  is  useful  for  estimates  of  electron 
density  even  in  discharges  which  are  only  two  microseconds  long. 

2.  WAvtGUinE  Bheakdown  Experiment 

a.  DESCRIPTION 

An  .If-hand  magnetron  was  used  to  produce  a  pulsed  discharge  in 
a  section  of  rectangular  waveguide  which  was  evacuated  to  pressures 
ranging  from  0.10  to  10  mm  Hg.  The  test  section  was  sealed  with  half¬ 
wavelength  plates,  so  that  a  very  low  standing  wave  was  present  in  the 
system  before  the  discharge  occurred.  Pulse  widths  of  2.2  microseconds 
were  used  with  a  maximum  peak  power  of  about  25  kilowatts,  so  that  the 
waveguide  broke  down  within  the  first  few  tenths  of  a  microsecond  of 
the  pulse. 

This  condition  prevailed  over  almost  the  entire  pressure  range 
indicated  above.  After  breakdown,  the  transmitted  pulse  was  attenuated 
hy  more  than  20  db.  The  large  attenuation  after  breakdown  in  so  short 
a  length  of  waveguide  indicates  that  the  electron  density  was  high 
enough  that  the  plasma  frequency  was  close  to  the  required  value  for 
“cut-off”  of  the  microwave  frequency  in  the  waveguide.  In  the  wave¬ 
guide,  the  plasma  frequency  needed  for  cut-off  is  reduced  from  that  in 
free  space,  due  to  the  reactive  nature  of  the  guide,  according  to  the 
relation 
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where  f ^  is  the  cut-off  frequency  of  the  unfilled  guide.  In  our  experi 
ment  with  a  9.4  Gc  magnetron,  corresponds  to  an  electron  density  of 
approximately  5  10**  e 1 ec t r ons/cc .  Detailed  results  of  the  electron 

density  determined  from  the  microwave  t ransmi  s.s  i  on  measurements  are 
presented  later.  A  block  diagram  of  the  set-up  is  shown  in  Fig.  35. 
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FIG.  35  BLOCK  DIAGRAM  OF  EXPERIMENTAL  SET-UP  FOR  WAVEGUIDE  BREAKDOWN  EXPERIMENT 

A  single  Langmuir  probe  was  inserted  at  three  positions  along 
the  test  section,  the  distances  from  the  hal f -wavel ength  plate  being 
0.3,  0.9,  and  1.5  cm.  The  probe  was  inserted  through  a  small  hole  in 
the  side  wall  of  the  waveguide.  The  holes  were  covered  with  Mylar  tape 
as  a  pressure  seal  when  not  in  use.  The  collecting  surface  of  the  probe 
was  made  of  0 . 003- i nch - di amet er  platinum  wire  0.125-inch  long.  It  was 
placed  halfway  between  the  top  and  bottom  plates  of  the  waveguide  and 
approximately  halfway  across  the  width  of  the  waveguide.  Drawings  of 
the  probe  by  itself  and  mounted  in  the  waveguide  are  shown  in  Fig.  36. 
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FIG.  36  ELECTROSTATIC  PROBE  AND  INSTALLATION 


Since  the  system  being  measured  varied  with  time,  it  was 
necessary  that  prohe  voltage  and  prohe  current  be  displayed  on  an  oscil¬ 
loscope.  This  was  done  hy  means  of  the  circuit  shown  in  Fig.  37.  The 
prohe  current  produces  a  voltage  across  resistor  P  this  voltage  is 
applied  to  the  scope  deflection  plates.  A  switch  is  used  to  connect 
the  scope  across  (probe  current),  and  then  across  VV ^  to  read  the 
voltage  across  the  probe  and  The  dc  voltage  level  is  read  with  a 

Simpson  voltmeter  across  FF,.  The  voltage  across  the  prohe  is  deter¬ 
mined  by  algebraically  adding  FF^,  the  dc  voltage  level,  and  the  voltage 
across  fl j .  Ihe  oscilloscope  is  placed  on  the  battery  side  of  P^,  rather 
than  on  the  probe  side  of  Hj,  so  that  the  shunt  current  drawn  by  the 
oscilloscope  will  not  be  interpreted  as  prohe  current.  It  is  necessary, 
when  using  this  system,  to  correct  for  the  voltage  drop  across  P^  in 
computing  the  voltage  across  the  probe. 

Data  were  taken  hy  setting  the  battery  voltage  at  a  level  and 
reading  the  voltage  across  R^,  the  time-varying  voltage  FV ^ ,  and  the 
dc  voltage  across  FV^.  The  first  two  voltages  were  read  from  the 
oscilloscope  face  at  times  of  interest.  For  the  data  taken,  this  was 
at  times  t  =  1.8  microseconds  and  t  -  4.8  microseconds  from  the  beginning 
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FIG.  37  CIRCUIT  FOR  MONITORING  PROBE  CURRENT 
AND  PROBE  VOLTAGE 


of  the  pulse;  the  earlier  time  corresponds  to  data  taken  while  the  mag¬ 
netron  is  transmitting  the  latter  to  the  afterglow  period  when  the 
discharge  is  decaying. 

6.  EXPERIMENTAL  RESULTS 

Measurements  were  made  of  the  electron  current  as  a  function 
of  probe  voltage  at  pressures  in  the  range  of  0.12  to  0.14  mm  Hg,  0.71 
to  0.98  mm  Hg,  and  9.3  to  9.5  mm  llg.  The  electron  temperatures  measured 
during  transmission  are  of  the  order  to  be  expected,  i.e.,  3-7  ev,  but 
those  measured  in  the  afterglow  were  usually  higher  than  expected.  The 
electron  densities  are  generally  lower  than  would  be  expected  from  the 
microwave  transmission  measurements.  As  mentioned  previously,  electron 
densities  greater  than  5  x  lO’*  would  he  expected.  However,  the  values 
determined  from  the  electron  portion  of  the  Langmuir  probe  curve  varied 
from  about  4  ^  10*°  to  2  ^  10**  e 1 ec t rons/cc .  Some  typical  data  taken 
at  a  pressure  of  0.73  mm  Hg  for  three  different  power  levels  are  shown 
in  Fig.  38.  These  data  were  taken  0.4  microsecond  before  the  end  of 
the  pulse,  and  the  full  power  was  25  kw  peak.  The  electron  density, 
calculated  from  the  current  at  the  sharp  bend  in  the  cur rent - vol t age 
curve,  **  is  about  4  10*°  e  1  ec  t  rons /cc .  It  appears  that  the  large  cur¬ 

rents  drained  from  the  plasma  at  the  higher  ends  of  the  middle  portion 
in  each  curve  are  depleting  the  actual  density  in  the  region  of  the  probe 
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more  rapidly  than  can  be  completely  replaced  by  ionization  and  diffusion. 
This  causes  the  upper  portions  of  the  curve  to  have  a  lower  slope  than 
if  the  probe  were  not  disturbing  the  density,  and  has  the  result  that 
the  density  indicated  by  the  bend  between  the  middle  and  top  portions 
is  lower  than  actual.  In  addition,  the  lower  slope  of  the  middle  por¬ 
tion  indicates  a  higher  than  actual  temperature  [Eq.  (21)].  Indeed,  in 
all  cases  wlien  temperatures  measured  were  not  in  the  range  expected, 
they  were  always  on  the  high  side,  corroborating  this  general  picture. 

The  electron  temperature  calculated  from  the  data  in  Fig.  38 
seems  reasonable  and  increases  slightly  with  input  power;  from  left  to 
right  (low  to  high  power)  the  temperatures  inferred  from  the  middle 
slopes  were  45,000,  64,000,  and  77,000°K,  or  approximately  4,  6,  and 
7  ev,  respectively.  The  rapid  decrease  in  current  at  low  current  levels, 
evidenced  by  the  steepest  leg  of  each  curve,  may  indicate  that  the  high- 
energy  portion  of  the  electron  energy  distribution  is  not  Maxwellian, 
but  is  rather  less  populated  than  a  Maxwellian  distribution  would  be. 

The  fact  that  the  higher  levels  of  the  electron  current  plot  as  a  straight 
line  on  the  semi - logari thmic  plot  indicates  that  the  bulk  of  the  electrons 
have  a  Maxwellian  velocity  distribution  with  the  indicated  electron 
temperature . 

The  positive  ion  current  through  the  probe  when  negatively 
biased  has  been  related  to  the  ion  density  (hence  electron  density)  in 
the  plasma  by  several  authors . Chen’s  anal  ys  i  s  ,  assuming  as  usual 
that  the  probe  radius  is  much  larger  than  several  Debye  lengths  and  that 
the  probe  radius  is  small  compared  with  mean-free  path,  gives  the  simple 
approximate  result 


=  KAnge(2kT^/M)^/'- 

where  K  is  a  constant,  of  the  order  of  unity,  which  depends  on  the  probe 
geometry  and  also  slightly  on  the  ion  temperature.  Deference  17  gives 
K  ^  0.4. 


This  method  of  measuring  the  electron  density,  while  requiring 
an  independent  measurement  or  estimate  of  the  electron  temperature,  was 
not  expected  to  be  influenced  as  much  by  the  depletion  of  the  charges  in 
the  vicinity  of  the  probe  since  the  level  of  current  is  down  approxi¬ 
mately  two  orders  of  magnitude  from  the  readings  needed  to  establish  the 
actual  density  on  the  electron  side  of  the  curve.  Figure  39  shows  three 
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6.1 


typical  lini.'iir  plnt.s  ot  piolie  ciirn.'iil  is'  voltage  to  illustrate  the 
positive  ion  current  lieliuvior;  these  curves  show  some  of  the  same  data 
as  rig.  38.  It  is  noted  that  tlie  ion  current  portion  deviate.s  from  the 
ideal  shown  in  Kig.  31  (i*oiiil.  A  to  Point  8),  a  behavior  apparently  due 
to  an  enlarging  sheath,  hence  co  I  I  ectioii  area,  as  the  negative  bias 
increases.  Experience  has  sliowii  that  the  curves  will  lie  approximately 
linear,  though  inclined,  during  this  portion,  and  a  good  choice  of  value 
of  is  where  the  curve  departs  from  this  linear  portion  toward  the 
exponential  rise  in  electron  current.  fortunately,  the  errors  involved 
in  selecting  the  current  level  arc  relatively  small  since  to  the  left 
of  this  point  the  slope  is  small;  an  additional  50  volts  of  negative 
bias  is  typically  required  to  introduce  an  error  of  a  factor  of  two  in 
the  reading.  The  higher  power  is  seen  to  have  two  effects,  other  than 
the  temperatures  noted:  (1)  a  higher  bias  is  required  to  collect  elec¬ 
tron  currents  equal  to  the  corresponding  ion  current,  and  (2)  measured 
density  is  slightly  higher  with  higher  power. 

Ion-current  measurements,  converted  into  ion  densities  ac¬ 
cording  to  Eq.  (37),  are  shown  in  Eig.  40  with  distance  along  the  guide 
as  the  abscissa;  the  three  curves  correspond  to  the  three  pressure 
regimes  noted.  It  is  significant  that  the  collision  frequency  (cycles 
per  second)  for  these  three  pressure  regimes  is  expected  to  be  10®,  10^, 

and  10^®,  respectively,  and  that  the  condition  when  the  microwave  is 
attenuated  in  the  shortest  path  in  the  guide  (highest  pressure)  corre¬ 
sponds  to  having  the  radio  frequency  he  essentially  equal  to  the  colli¬ 
sion  frequency;  this  is  the  condition  predicted  by  simple  plasma  theory 
for  most  efficient  coupling  of  energy  from  the  I3F  into  the  plasma.  Since 
higher  electron  density  corresponds  to  higher  intensity  of  light  emitted 
by  the  plasma,  visual  observation  indicates  that  the  extrapolations  in 
fig.  40  (dashed  lines)  for  the  first  3  millimeters  should  show  a  very 
steep  gradient  and  higli  density  levels  in  this  short  length.  The  plasma 
at  the  lower  pressures  appeared  visually  much  more  diffuse  as  pressure 
was  reduced,  just  as  might  he  expected  generally  from  the  data  of  fig.  40. 
from  these  observations,  one  deduces  that  in  the  waveguide  discharge, 
where  the  growth  of  the  plasma  is  allowed  in  only  one  dimension  (longi¬ 
tudinally)  and  the  energy  must  propagate  directly  through  that  dimension, 
the  energy  is  dissipated  in  a  much  shorter  distance  at  the  higher  pres¬ 
sures;  at  lower  pressures,  the  wave  w.as  attenuated  less  per  unit  distance 
and  remained  strong  enough  to  sustain  a  discharge  at  greater  distances 
into  the  evacuated  section. 
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Tlie  measurement  of  power  reflected  toward  the  generator,  and 
of  that  received  beyond  the  evacuated  test  section  of  the  guide,  allowed 
an  approximate  check  on  the  probe  me asureaient s  of  ion  density  levels. 
Figure  41  presents  this  information  as  a  function  of  pressure,  showing 
(a)  the  reflection  losses  from  the  incident  wave  as  measured  by  the  VSUH 
on  the  generator  side,  (b)  the  total  transmission  losses  as  measured  by 
a  crystal  detector  before  and  after  breakdown,  and  (c)  the  absorption 
losses  calculated  as  the  difference  between  the  other  two  curves.  These 
data  were  taken  with  a  constant  input  power  setting  (25  kw  peak)  while 
varying  the  pressure.  It  is  noted  that  the  total  absorption,  as  opposed 
to  the  intensive  attenuation  coefficient,  decreases  as  pressure  is  in¬ 
creased,  which  can  only  be  explained  by  the  greater  extent  of  the  plasma 
at  lower  pressures.  Figure  42  shows  a  typical  oscillograph  of  the  re¬ 
ceived  signal  beyond  the  test  section,  with  time  from  right  to  left.  Ihe 
pulse  transmits  for  the  first  0.7  microsecond  (from  Kvent  1  to  Event  2) 
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FIG.  42  COMPARISON  OF  PULSE  TRANSMITTED  THROUGH  WAVEGUIDE 
DISCHARGE  WITH  PROBE  CURRENT  AT  VARIOUS  BIAS  LEVELS 
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with  losses  due  only  to  slight  rel'lectioii  from  the  dielectric  block;  at 
Kvent  2,  breakdown  occurs,  and  the  difference  between  the  succeeding  low 
level  and  the  original  level  represents  the  total  losses  due  to  the  test 
section  with  plasma.  These  losses  could  not  be  estimated  below  1  mm  llg 
of  pressure  because  the  attenuated  portion  of  the  pulse  was  below  the 
noise  level  of  the  measuring  system.  Ihe  other  four  oscillographs  in 
fig.  42  show  the  measured  probe  current  with  different  bias  voltages,  on 
the  same  time  scale.  The  electron  current  spikes  at  the  end  of  the 
pulses  (Kvent  3)  are  understood  in  light  of  Eq.  (21);  the  temperature 
decrease  after  the  excitation  is  ended  is  more  rapid  than  the  decay  of 
the  electron  density  itself,  hence  the  net  effect  is  to  increase 
until  the  density  decay  becomes  predominant.  These  measurements  can  be 
translated  into  an  average  electron  density  for  that  part  of  the  plasma 
with  electron  density  greater  than  about  ,3  10*^,  i.e.,  that  plasma 

which  radically  affects  the  A’-band  propagation;  the  approximate  extent 
of  plasma  of  density  exceeding  5  10^'  can  be  estimated  by  either  visual 

observation  of  the  optically  active  plasma  or  hy  the  shape  of  the  pro¬ 
files  of  fig.  40.  Assuming  a  homogeneous  discharge  of  this  extent,  the 
average  electron  density,  which  could  he  computed  only  between  0.88  and 
8  mm  lig ,  increased  with  pressure  from  lO'^  to  4  ^  lO'^  electrons/cc 
between  these  two  limits  of  pressure.  From  these  densities,  it  appears 
that  the  propagation  characteristics  of  the  discharge  are  largely  deter¬ 
mined  in  the  pressure  regime  noted  by  the  first  3  mm  of  guide  length. 

The  extrapolations  of  the  curves  in  Fig.  40  are  thus  supported  by  the 
evidence  presented  here. 

The  reflection  losses  measured  in  the  lowest  pressure  regime 
are  unexpectedly  low  in  light  of  the  low  ratio  of  collision  frequency  to 
radio  frequency  and  of  h i gher- t han-c r i t i c al  electron  densities  indicated 
by  the  ion  profile;  the  ordinary  theory  of  weakly  ionized  plasmas  pre¬ 
dicts  reflection  losses  10  db  greater  for  this  1 ow- c ol 1 i s i on  case  than 
for  the  other  conditions.  However,  it  is  suspected  that  this  result  is 
explained  on  the  basis  that  the  more  diffuse  plasma  in  the  low  density 
regime  does  not  present  a  discrete  enough  discontinuity  for  reflection 
losses  this  great  to  occur. 

E.  FREE- SPACE  BREAKDOWN  EXPERIMENT 

Once  the  use  of  ion  prohes  in  measuring  the  waveguide  discharge 
densities  appeared  succes.sful,  a  probe  was  arranged  for  investigating 


tlie  1  r  t‘ f  -  s  p  d  c  f  (  ypt‘  oi  d  i  d  i  si  iissi-d  in  .'scclioii  11).  In  this  case, 

the-  ,\-l)aiia  hcain  was  locusstd  inside  an  evacuated  lielljar,  and  a  probe 
was  arraiif'(?d  with  a  Wilson  seal  sneh  th<it  it  could  lie  continuously  varied 
in  position  duriiif;  ol).servat  i  on  in  a  (>iven  plane  through  the  discharge. 

It  was  hoped  hy  this  means  to  measure  a  profile  of  the  electron  density 
from  regions  where  no  optical  activity  was  obvious  all  the  way  to  the 
centers  of  the  "spots.”  An  additional  sensor  employed  in  this  experiment 
was  a  photomultiplier  unit  for  comparing  prohe,  receiving  antenna,  and 
light  output  on  both  a  temporal  and  quantitative  basis. 

The  probe  measurements  in  the  belljar  were  found  to  be  less  satis¬ 
factory  than  those  in  the  waveguide;  it  was  visually  apparent  that  as 
the  continuously  variable  position  of  the  prohe  was  changed,  the  optically 
emitting  spots  were  significantly  altered  in  location,  and  at  times,  in 
size.  It  was  found  that  no  probe  current  was  detectable  at  maximum 
sensitivity  anywhere  outside  these  active  "spots.  ”  Thus  valid  spatial 
profiles  were  not  possible  with  this  technique;  the  more  satisfactory 
results  in  the  waveguide  measurements  were  probably  due  to  a  close  re¬ 
lationship  between  the  walls  of  the  guide  and  the  fields  in  the  interior, 
making  the  fields  more  stable  spatially  when  the  probe  was  introduced 
into  the  discharge. 

However,  some  important  observations  were  made  using  the  probe  at 
the  center  of  a  discharge  spot.  Although  the  level  of  the  ion  densities 
at  this  position  seemed  relatively  insensitive  to  changes  in  power  once 
breakdown  occurred,  the  excellent  pulse  shape  available  in  recent  work 
has  made  it  possible  to  determine  that  the  response  time  associated  with 
the  prohe  current  rise,  once  electrons  and  ions  are  made  available  was 
no  greater  than  about  10  nanoseconds.  Figure  43  demonstrates  this  effect 
and  shows  typical  ion  and  electron  current  during  a  one-microsecond 
pulse;  note  that  at  the  onset  of  breakdown,  which  corresponds  to  the 
break  in  trace  (6),  both  probe  current  traces  indicate  a  rapid  rise  to 
their  essentially  steady  values  during  the  remainder  of  the  pulse.  In 
contrast  to  the  waveguide  discharge  where  the  radio  frequency  was  con¬ 
strained  to  pass  through  the  discharge,  the  ion  density  in  the  center 
did  not  exceed  ,S  10*^  ions/cc,  and  varied  by  less  than  a  factor  of 
two  per  decade  of  pressure  variation. 
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PULSE  ENOS  I  BREAKDOWN  ONSET  I  I  PULSE 
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FIG.  43  TIME-RESOLVED  STUDY  OF  OUTPUT  OF  SENSORS  USED 
IN  FREE-SPACE  BREAKDOWN  EXPERIMENT  — GAIN 
SETTINGS  VARY 
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K.  COiNCLlI.-SlONS 


Laiipinii  1  r  piolxes  l»iasrd  to  collect  ion  cuireiit  from  a  plasma  were 
found  to  pive  ciedlble  results  in  all  tlie  experiments  performed.  The 
electron  current  measurement  sclii'me,  wliile  apparently  successful  in  the 
dc  discharge  experiment,  wiiere  a  considerable  drift  velocity  exists,  was 
not  adequate  in  the  111  discharge  measurements;  the  cause  is  apparently 
the  depletion  of  electrons  in  the  vicinity  of  the  probe  as  large  cur¬ 
rents  are  drained,  and  thus  the  quantity  to  be  measured  is  disturbed. 

These  measurements  also  supported  the  hypothesis  that  once  break¬ 
down  occurs,  a  threshold  electron  density  in  the  discharge,  somewhat 
greater  than  critical  for  the  frequency,  is  supported  by  the  wave;  if 
the  wave  is  allowed  to  propagate  around  the  region  of  the  discharge, 
only  this  density  will  be  maintained  and  the  significant  effect  of 
higher  power  is  to  enlarge  the  plasma.  If,  on  the  other  hand,  the  wave 
must  propagate  through  the  discharge,  as  in  the  waveguide  experiment, 
greater  ion  densities  are  supported  in  the  discharge  nearest  the  trans¬ 
mitter,  and  the  variations  in  density  are  essentially  one-dimensional. 

In  each  case,  reduction  of  pressures  below  9-10  mm  Hg  produced  more 
diffuse  plasmas,  although  the  waveguide  experiment  showed  greater  sensi¬ 
tivity  to  pressure  variation.  The  spatial  growth  of  the  plasma  at  low 
pressures  in  the  waveguide  case  more  than  compensated  for  the  reduced 
maximum  density  to  cause  greater  attenuation  of  the  transmitted  wave. 
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One  of  the  fumlanieii  ta  1  pa  raiiie  tei's  necdeil  for  estimating  breakdown 
power  levels  is  the  ionization  rate  (the  number  of  ionizations  per 
second  per  electron).  In  tli  i  s  section  we  discuss  a  technique  for 
measuring  this  parameter  that  grew  out  of  previous  work  in  determining 
tlie  breakdown  levels  of  air  in  an  unbounded  medium. 

The  rate  of  change  of  electron  density  with  time  may  be  written  as 

=  (v  -  1/  )n  +  V^(Dn)  (38) 

dt  ‘  ° 

wh  er  e 

n  is  the  electron  density 
.  is  the  ionization  rate 

I 

V  is  the  attachment  rate 

D  is  the  diffusion  rate. 

By  a  proper  choice  of  parameters,  the  diffusion  term  of  Eq.  (38)  can 
be  made  negligible  compared  to  (v  .  -  p^)n.  Such  a  choice  of  parameters 
would  involve  picking  a  pulse  width  so  short  that,  while  the  pulse 
was  on,  electrons  could  not  diffuse  out  of  the  high  field  region.  If 
the  high  field  region  is  characterized  by  a  length  A,  the  condition  for 
negligible  diffusion  is  .A  >  .  For  short  pulses,  high  pressures,  and 

large  regions  of  uniform  field  strength,  this  condition  may  be  satisfied. 
Under  these  conditions,  Eq.  (38)  may  be  integrated  to  give  the  electron 
density  after  a  time  T,  as  follows; 


IV  .-V  JT 


This  equation  may  be  solved  for  tlie  ionization  rate; 


v  .  -  1/  + 


In  - 

_ % 

T 


(39) 


(40) 
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Thus  the  ionization  rate  may  be  determined  from  a  knowledge  of  the  ratio 
of  final  to  initial  electron  density,  the  pulse  width,  and  the  attachment 
rate  (for  attacliing  gases).  I'he  ratio  n^/n^  is  usually  of  the  order 
of  10®,  although  this  value  may  be  in  error  by  orders  of  magnitude 
without  grossly  affecting  the  calculated  ionization  rate.  The  pulse 
width  can  be  measured  directly  on  an  oscilloscope.  These  two  parameters 
are  sufficient  to  determine  the  ionization  rate  for  non  -  a 1 1 achi ng  gases. 
F'or  attaching  gases  where  tlie  attachment  coefficient  is  comparable  to 
the  value  of  ln(n^/n^)/T,  the  attachment  rate  must  be  known  in  order 
to  determine  the  ionization  rate.  However,  hy  choosing  T  sufficiently 
small,  the  contribution  of  the  attachment  rate  may  be  made  small 
enough  to  be  neglected.  Actually,  since  the  breakdown  equation  is 
written  with  a  term  involving  (f."  this  is  the  parameter  of  real 

interest.  This  parameter  is  given  simply  as 


The  ionization  rate  is  a  function  not  only  of  the  rms  value  of  the 
electric  field  hut  also  of  the  frequency  of  the  applied  RF  field  and 
of  the  collision  frequency.  Gould  and  Roberts^  have  shown  that  the 
parameter  (v  .  -  ^^)/p  is  a  function  of  E^/p  [E  ^  =  E /v  ]  +  ;  p  is 

pressure  in  mm  llg.  This  scaling  relation  has  been  verified  at  Stanford 
Research  Institute  during  breakdown  studies  on  waveguides  and  antennas.*® 
In  view  of  the  scaling  relations,  the  most  useful  presentation  of  the 
ionization  rate  would  be  to  determine  “  ^„)/p  as  a  function  of 

E^/p  for  different  gases  of  interest.  Normalized  with  respect  to 
pressure,  Eq.  (41)  may  be  rewritten 


(42) 


The  value  of  ( “  f^l/p  as  a  function  of  E^/p  may  then  be  determined 
in  the  following  manner.  At  a  particular  pressure  and  pulse  width,  the 
value  of  the  electric  field  required  for  breakdown  is  determined. 


7.1 


Assuming  n^/ri^  =  10**  and  inserting  tlie  values  ol'  pressure  and  pulse 
width  into  Eq.  (42),  determine  "  v^)/p.  Krom  the  measured  value 

of  the  electric  field  required  for  breakdown  and  a  knowledge  of  the 
applied  radio  frequency  and  collision  frequency,  determine  E^/p.  This 
may  be  repeated  over  a  range  of  jiressures  yielding  a  different  value 
of  (f  ^  ~  V  ^  /  p  and  E  p  at  each  presfiure.  This  process  has  been  carried 
out  for  air  using  the  focused  A-band  system  described  in  bection  III. 

In  this  system,  a  3-db  spot  size  about  5  cm  in  diameter  and  a  pulse 
width  of  about  3  microseconds  was  used.  Pressures  in  the  range  of 
1  to  10  mm  llg  were  used.  Fresli  gas  was  bled  in  and  pumped  out  contin¬ 
uously.  A  collision  frequency  of  5.3  lO^p  was  used.  This  is  a 
commonly  used  value  and  was  verified  within  ±20  percent  in  these  experi¬ 
ments.  The  results  are  shown  in  Fig.  44,  along  with  other  determinations 

The  data  from  Brown’s  work  were  determined  from  CW  measurements  per¬ 
formed  inside  cavities  that  approximated  par  a  1 le 1 - p 1  a te  breakdown. 

Under  these  conditions,  Eq.  (38)  may  be  solved  for  {v ^  ~  v as 

-  V  )  =  —  (43) 

A2 

where  A  is  the  diffusion  length,  and  is  equal  to  L/n  for  pa ra 1 le 1  - p 1  at e 
spacing  L, 

Normalized  with  respect  to  pressure,  Eq.  (43)  may  be  rewritten  as 


V  .  -  V 


P 


Dp 

(/’A)  2 


(44) 


Thus  (fj  v^)/p  may  be  determined  as  follows.  At  a  given  pressure  the 
breakdown  electric  field  strength  is  measured,  A  is  calculated  from  the 
geometry,  p  is  measured,  and  P  is  assumed  to  be  known.  This  is  enough 
to  calculate  (v.  ~  v^)/p.  E^fp  is  calculated  as  indicated  previously. 
The  largest  unknown  in  this  technique  is  D.  Since  the  pulse  technique 
is  independent  of  D,  the  two  methods  provide  independent  measurements 
of  (v ^  ~  V ^) / p .  Further,  the  value  of  D  may  be  determined  by  comparing 

the  results  from  the  two  measurements  and  finding  what  value  of  P  will 
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SOUnCEt  Geballe  and  f!arri»on.  Ref.  J9; 

Masch.  Ref.  20;  Brown,  Ref.  21. 


FIG.  44  IONIZATION  RATE  AS  A  FUNCTION 
OF  e/p  FOR  AIR 


produce  the  .same  value  of  ( f  ^  ~  the.  same  value  of  E^/p,  The 

close  agreement  between  the  two  methods,  as  illustrated  in  Fig.  44, 
shows  that  the  value  of  D  used  in  the  CW  method  was  accurate. 

A  third  curve  is  shown  in  fig.  44  which  has  been  calculated  from  dc 
data  on  Townsend  first  coefficients  and  drift  velocity  as  a  function  of 
E^^/p,  .Since  E^/p  is  supposed  to  be  equivalent  to  the  dc  parameter 
E^^/p,  the  two  have  been  used  interchangeably  in  plotting  Fig.  44  so 
that  the  abscissa  is  E^/p  for  the  HF  measurements  and  E^^/p  for  the 
dc  measurements.  The  parameter  ( ^  ^ / p  was  calculated  from  dc  data 


7.'! 


(!'.  -  ^J/l' 


(45) 


=  {a/p  -  B/p)Vj 


wh  e  r  e 


a/p  is  the  first  Townsend  coefficient  in  ionizations  per  cm/mm  Hg 
B/p  is  the  attachment  coefficient  in  attachments  per  cm/mm  Hg 
is  the  drift  velocity  in  cm/sec. 

The  values  of  drift  velocity  tiiat  have  been  measured  do  not  extend  to 
values  beyond  about  20  volts/cm/mm  tig.  The  values  have  been 
straight-line  extrapolated  to  higher  values  to  give  the  results  shown 
in  Fig.  44.  Over-all,  the  agreement  among  the  three  methods  of 
determining  (P.  “  ^„)/p  is  quite  good. 

Similar  neasu  rernen  ts  have  been  made  for  nitrogen  using  the  same 
collision  frequency.  The  results  are  shown  in  Fig.  45,  and  are  compared 
to  two  different  curves  computed  from  data  of  Masch  and  of  Harrison. 

Once  again  the  drift  velocity  data  had  to  be  extrapolated  to  the  higher 
values  of  E/p.  The  agreement  is  not  as  good  as  for  air,  although  even 
hetween  Masch  and  Harrison  the  agreement  i.s  not  very  good.  Harrison 
has  used  very  pure  nitrogen  while  Masch  used  me r cu ry -con t ami n a  ted 
nitrogen.  Presumably  this  is  resp^onsihle  for  the  large  differences  at 
the  lower  values  of  E/p.  At  higher  values  of  E/p  they  tend  to  agree. 

Our  data  fall  between  the  two.  The  nitrogen  we  used  was  not  as  pure 
as  11a r ri son ' s , sin ce  we  used  commercial  nitrogen  directly  out  of  the 
bottle  without  any  further  purification.  Furthermore,  the  chamber  in 
which  our  measurements  were  made  may  have  contained  residues  of  many 
different  gases.  However,  since  the  discharge  was  produced  far  from 
any  wall.s,  and  new  gas  was  continually  being  bled  into  the  chamber, 
the  re.siilts  should  not  be  greatly  in  error.  The  main  purpose  of  these 
measurements  was  to  demonstrate  the  technique  and  obtaining  useful  data 
was  only  secondary.  The  agreement  shown  for  air  and  nitrogen  clearly 
demon  ,s  1 1  a  te  s  the  usefulness  of  the  technique  for  measuring  ionization 
r  a  t  e  s  . 


Wiien  tlip  collision  frequency  at  breakdown  is  not  known,  this  tech¬ 
nique  may  be  extended  to  determine  it.  Heferring  to  Fq .  (42),  we  see 

that,  for  a  given  value  of  pT  a  particular  value  of  (l' ^  ~  ^  ^)  /  p ,  and 
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FIG.  45  IONIZATION  RATE  AS  A  FUNCTION 
OF  E/p  FOR  NITROGEN 

luMi'c  E  will  lie  required  for  breakdown.  So  long  a  .4  the  product 

remains  ron.stant,  K^ll>  will  remain  constant.  If  breakdown  fields  are 
measured  at,  two  different  pres.sures  and  two  different  pul.se  widths 
.sinh  that  pT  is  a  constant,  then 

C^(F./r)^  =  C^{E/p)^  =  EJp  (46) 

where  1  he  s  ubsc  r  i  pit  s  1  and  2  refer  to  the  different  pressures  at  which  the 
me  .1  s  u  r  ernen  t  s  are  made.  The  coefficients  (' ^  nre  parameters  that  relate 
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thf  rms  elertric  field  to  the  effect.ive  value  of  the  field  at  each 
p  ressii  re  .  Thus 


C 


n 


r 


It  has  been  assumed  that  the  collision  frecjuency  may  he  written  as  a 
constant  times  the  pressure.  The  value  of  this  constant  for  air  is 
•S.S  ^  1 0  I  as  determined  from  (iou  I  d  and  lioberts.^  There  is  a  single 
value  of  K  that  will  satisfy  hq.  ( 'i6 )  .  Thus  by  solving  Kq.  ('16)  the 
collision  frequency  at  breakdown  may  be  determined.  The  resulting 
expression  for  K,  in  terms  of  the  measured  parameters,  is 


K 


a) 


(47) 


wh  ere 

P  ^  is  the  pressure 

P^  is  the  power  required  for  breakdown. 

Ihe  accuracy  with  which  the  power  must  be  measured  increases  as  Pj 
decreases.  Thus  measurements  should  be  made  at  as  high  a  value  of 
p  j  as  is  possible. 

Althougli  the  higli-power  T-band  piilser  has  only  one  pulse  width 
available  (''d  microseconds),  it  was  possible  to  check  out  the  foregoing 
theoi'V  in  (.he  following  manner.  At  pressure  p^,  the  power  was  increased 
unti 1  breakdown  occurred  at  1  microseconds.  This  gave  a  value  for  /’j. 
Next,  the  pressure  was  increased  by  approximately  a  factor  of  two  and 
the  power  was  Increased  until  a  discharge  occurred  1.5  microseconds 
after  the  start  of  the  pulse.  Thus,  the  equivalent  of  a  1.5  and  a 
i -m i e rn sec  on  il  pulse  was  available.  This  technique  gave  values  of  A 
within  iibout  20  percent,  of  the  assumeil  value  (5.3  ^  10^).  Since  the 
pulse  shape,  out,  of  the  high-()Ower  pulser  does  not  have  a  very  flat  t.op, 
this  I.echii  i  rpie  for  getting  different  pulse  widths  is  only  good  for 
;i  pp  to  X  i  ma  t.  e  atiswers.  The  value  of  20  percent  is  quite  reasonable. 
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Atiother  means  of  est  i  mat  i  iij;  the  lollision  frecjuenr.y  is  to  ase  the 
idea  that  the  ttiinimuin  power  to  produce  breakdown  occurs  approximately 
when  the  collision  frequency  is  equal  to  the  111''  radian  frequency.  .Shifts 
in  the  pressure  at  which  the  minimum  occurs  would  be  indicative  of  dif¬ 
ferent  collision  frequencies.  Thus,  the  collision  frequency  of  oxygen 
IS  about  0.7  the  collision  frequency  of  air,  since  the  minimum  for  oxygen 
occurs  at  about  1.4  times  the  pressure  of  the  minimum  for  air.  Data  on 
the  probability  of  collision  for  air  and  oxygen  also  show  that  the  col¬ 
lision  frequency  for  oxygen  is  less  than  that  for  air,  although  it  is 
difficult  to  obtain  a  quantitative  value  without  going  through  a  detailed 
calculation  including  the  energy  distribution  of  electrons. 

Using  a  collision  frequency  for  oxygen  of  3.7  ^  lO^p,  the  ionization 
data  of  Fig.  46  were  obtained.  The  agreement  with  dc  data  is  quite  good. 

Measurements  have  been  made  in  argon,  both  because  of  the  large 
pressure  range  possible  using  this  easily  broken-down  gas  and  because  a 
lower-power  pulser  with  multiple  pulse  widths  could  be  used.  Using  the 
mu  1 1 i p 1 e - pu 1 se- wi d th  technique  a  collision  frequency  of  4. 1  ^  lO^p  was 
measured.  Judging  from  the  shift  in  the  minimum  pressure,  the  collision 
frequency  was  2.7  lO’p.  Using  the  collision  frequency  measured  from 
the  mu  1 1 i p 1 e - pu 1 se- wi dth  method ,  the  ionization  rates  shown  in  Fig.  47 
were  calculated.  llesults  are  shown  for  the  high-power  pulser  operating 
at  8.5  Gc ,  with  a  3-microsecond  pulse  and  for  a  low-power  pulser 
operating  at  9.4  Gc  with  a  2.2-microsecond  pulse.  The  complete 
calibration  procedure  for  determining  the  electric  field  strength  at  the 
focal  point  in  terms  of  the  input  power  was  applied  for  both  frequencies. 
The  agreement  between  the  ionization  rate  data  is  quite  good.  Also 
included  in  Fig.  47  are  ionization  rates  calculated  from  dc  data.  The 
drift  velocity  was  extrapolated  by  a  large  factor  in  order  to  calculate 
the  curve  shown. 

It  may  be  concluded  from  the  above  discussion  that  the  use  of  pulsed 
breakdown  levels  to  determine  the  ionization  rate  and  collision  frequency 
at  breakdown  is  entirely  feasible.  It  provides  an  independent  method  of 
determining  these  parameters  that  does  not  depend  upon  any  knowledge  of 
diffusion  coefficients  or  diffusion  lengths,  as  long  as  these  are  made 
.small.  liy  using  a  focused  system,  the  effects  of  impurities  in  the 
walls,  and  of  secondary  mechanisms  occurring  there,  may  be  eliminated. 
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FIG.  46  IONIZATION  RATE  AS  A  FUNCTION 
OF  E/p  FOR  OXYGEN 


StirUCK:  Kruilh..f.  Ilcl.  2^ 


FIG,  47  IONIZATION  RATE  AS  A  FUNCTION 

OF  E  /p  FOR  ARGON 
«»  ^ 


VII  SUMMAHY  AND  CONCI^USIONS 


Hecetitly,  systems  have  lieen  proposed  for  transmitting  large  amounts 
of  microwave  power  from  ground  to  high  altitudes.  Because  of  the  large 
powers  contemplated,  the  region  where  significant  ionization  will  occur 
must  also  be  large  and,  as  a  result,  diffii.sicn  losses  will  he  negligible. 
In  tliis  report,  theoretical  models  have  been  developed  for  determining 
breakdown  power  levels  in  the  absence  of  surfaces,  with  the  size  of 
the  region  arbitrary.  Predictions  based  on  these  models  agree  within 
1  to  2  db  with  the  laboratory  experiments  described  in  this  report. 
iVhile  the  measurements  reported  pertain  to  pulsed  FIF  energy,  they  can 
be  extrapolated  to  include  con t inuou s- wa ve  operation.  For  CW’  operation, 
the  required  power  density  in  watts/cm^  is  given  by 


P 


(cJ\ 

30  ^P^ 

I20n 


(48) 


where  p  is  in  mm  Hg.  This  relationship  is  plotted  in  Fig.  48  for  four 
different  frequencies;  as  can  be  seen,  the  power  levels  shown  in  the 
figure  are  rather  easily  exceeded  with  present-day  microwave  technology. 
The  power  density  obtained  at  a  range  Ft'  on-axis  of  a  beam  focused  at 
a  distance  great  compared  with  the  aperture  dimensions  is  given  by 
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nnd  S  are.  Iresnel  integrals  and 
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FIG.  48  POWER  DENSITY  REQUIRED  FOR  ATTACHMENT- 
CONTROLLED  BREAKDOWN  AS  A  FUNCTION 
OF  PRESSURE 


\  =  W!1  V  !■  I  IMlfil  ll 

/.  =  aperlure  lenglli  or  diameter 

t  =  ) /li¬ 

lt  is  aasiiiiicd  in  tliese  equations  tiiat  the  antenna  Learn  is  aimed 
verticaliy,  making  siani  range  and  altitude  identical;  the  aperture 
distril'iitions  used  are  uniform  and  cosinusoidal,  respectively, 
liquation  (49)  is  plotted  in  I'ig.  49  as  a  function  of  the  parameter  t 
for  various  values  of  fi',  the  variation  of  power  density  as  a  function 
of  (H-ll')/H  is  plotted  in  Fig.  50  for  a  focused  power  of  10^  watts/cm^ 
at  altitude.s  above  120,000  feet,  182,000  feet,  and  197,000  feet,  for 
L  equal  to  1,000  feet,  2,000  feet,  and  5,000  feet,  respectively.  That 
these  power  values  will  be  altered  very  little  by  variations  of 
atmospheric  constituency  has  been  predicted  by  Kroll.^'^ 

With  voltage  breakdown  always  occurring  below  the  focal  point,  it 
appears  questionable  that  any  significant  power  can  be  transmitted 
beyond  these  altitudes,  since  the  presence  of  the  plasma  produces  both 
distortion  of  the  phase  front  and  attenuation  of  the  signal,  as  demon¬ 
strated  in  the  experiments  described  in  Section  IV  of  this  report. 
Measurements  with  a  receiving  antenna  used  as  an  HF  probe  showed  that 
the  received  power  per  unit  of  input  power  always  decreases  as  power  is 
increased  after  breakdown. 

Three  experiments  performed  using  h i gh - reso 1 u t i on  Langmuir  probes 
determined  that  positive  ion  collection  is  a  more  valid  method  for 
determining  plasma  densities  than  the  electron  current  scheme;  however, 
the  electron  temperatures  of  3-7  ev  measured  by  the  slope  of  the 
characteristic  i-k  cuive  appear  idiallc.  The  densities  measured  in 
the  HF  di.srharges  indicated  that  when  there  is  space  available,  the 
I’d  beam  .spreads  transversely  around  the  discharge  as  power  is  increased, 
such  that  the  certral  maximum  electron  densities  did  not  exceed 
approximately  4  time.s  the  critical  value  for  the  frequency  used.  On 
the  other  hand,  in  a  section  of  waveguide,  in  which  the  microwave  was 
constraincil  to  propagate  through  the  discharge,  the  measured  electron 
densities  usually  exceeded  10  times  the  critical  values  for  "free” 
propagation.  Plasmas  in  both  HF  experiments  were  observed  becoming  more 
diffuse  HS  pressure  wus  reduced,  but  the  total  attenuation  was  increased 
because  of  t.lie  greater  extent  of  tlie  discharge  region.  Power  transmission 
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.111(1  re  I  1  ('(•  I  i  on  1110  asiiroiiii'n  I  s  in  tlio  <:la.soil  w  ii  v  o  ^ii  i  cl  ii  syst.oiii  con  f  i  riiioil 
I  li  ii  L  tlic  iiH.‘ a  s  11 1' Cl  (1  oloclroii  <1  on  s  i  L  i  o  s  wore  ill  llio  riiiij'i*  iiilerrocl  1  I'oin 
till!  |)i(ibi?  iiioiis  ur  oiiient  s  . 

As  a  rosiilL  ol  llio  saL  i  s  I'.ic  L  o  r  y  pc  r  I  oiiiiaiii'o  olLaiiied  licro  with  Llii.' 
use  ol  posilivo  ion  probes,  add  i  L  i  oiia  1  ex  pc  r  i  moii  t  s  have  been  performed 
111  iiii  o  1  ec  L  roinacne  t  i  c  .shook  liilic  on  CoiiliiicL  .S11-1U3  under  Alll'A  Order 
3111-63.  Again,  simultaneous  microwave  t  ransiiii  ss  i  on  measii  lemcri  Ls  acros 
l  he  plasma  served  to  confirm  the  validity  of  this  Loclinique,  which  i  .s 
now  contemplated  for  use  on  h  i  gh  -  a  1  t  i  t  iide  and  re-entry  researcli  bodies 
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